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S u b n i t t s d  t o  t h e  Department o f  E l 3 c t r  i c a l  Engineer ing and 
Computer S c i m c 2  on June 2 4 ,  1980, i n  p a r t i a l  f u l f i l l m e n t  o f  
t h e  r2qu i r smen t s  f o r  t h e  deqrza  of  Doctor of  Sc i snca  
ABSTRACT 
A s t a t i c  a r t i c u l a t o r y  node l  w i t h  growth pa ramete r s  ha s  
been developed i n  o r 3 e r  t o  s t u d y  t h e  e f f e c t s  of  anatomy on t h ?  
p roduc t i on  of vowels by men, women, and c h i l d r e n .  The model 
r e p r e s e n t s  t h e  body of  t h e  tongue wi th  an a r c  o f  a  c i r c l e ,  
whose c e n t s r  i s  s p e c i f i l d  r e l a t i v e  t o  t h e  ang l e  of  t h e  j 3 w ,  a s  
i n  t h e  model developed by Y e r n e l s t e i n  [J. - Acoust.  - Soc. A m . ,  
53 ,  1070-1082, 1373) f o r  s j u l t  inen. Fiv? a d d i t i o n a l  
a r t i c u l q t o r y  v a r i s b l a s  z a n t r o l  t h e  l i p s ,  t h e  t ongue - t i p  a n g l e ,  
t h e  t ongue - t i p  c u r v a t u r e ,  t h e  tongue r o o t ,  2nd t h e  p o s i t i o n  of 
t h e  hyoid bone f g r  a  t o t a l  of  seven a r t i c ~ l a t o r y  va r i3bLes  
w i th  l a  d e g r e e s  of  fr=edom. Three v a r i 3 b l s s  n o t  a s s o c i a t ? d  
w i t h  normal a r t i c u l a t i o n  wore .added  t o  a l l ow  a d j u s t n e n t  o f  t h e  
a n g l e  o f  t h e  s p i n e ,  t h e  f u l c t u a  of  t h e  jaw, an3 movement of 
t h e  3 r y t e n o i d s .  'The d i n e n s i o n s  of  t h 2  f i x e d  v o c a l - t r a c t  
s t r u c t u r e s  and t h e  r e s t i n g  v a l u e s  of  t h s  v a r i a b l e s  c o n t r o l l i n g  
t h e  movable s t r u c t u r z s  a r e  s ? ~ c i f i s d  as f u n c t i o n s  of  age  and 
s e x  by ineans o f  growth cu rves .  The growth c u r v = s  were ob t a ined  
by f i t t i n g  d a t a  c o l l e c t l d  from t h ?  a e d i c a l  L i t e r a t u r e  wi th  
c u r v e s  having betwozn two and s i x  pa ramete r s .  
The madel was used t o  i n v e s t i g a t e  s t a t i c  vowel p roduc t ion  
i n  newborn i n f a n t s  and i n  a d u l t s .  A n e u t r a l  p o s i t i o n  o f  t h e  
newborn i n f a n t - s i z e d  voca l  t r a c t  w i t h  t h z  mouth open p r o d u c d  
f o r n a n t  f r 5quenc i5 s  c o n s i s t a n t  w i t h  t hosz  ob32rved i n  no rna l  
i n f a n t  c r y .  Moving t h ?  f u l c r u n  of t h e  jaw 19  mm toward t h e  
back produced fo rmants  s i m i l a r  t o  t h o s e  obszrved i n  t h e  c r i e s  
of i n f a n t s  who l a t s r  d i e d  of  sudden i n f a n t  3 e a t h  synjrome.  
Thz ?ode1 was a b l e  t o  produce t h e  vowels / i / ,  /a/ ,  and /u/ f o r  
newborn i n f a n t s ,  i n d i c a t i n g  t h a t  new5orns a r e  n o t  p r e v = n t s 3  
from speak ing  by t h e  anatomy o f ' t h e i r  voca l  t r a c t s .  Adult ma13 
and female  s i m u l a t i o n s  of  t h e  vowels / u / ,  / o / ,  / a / ,  /ad, /e / ,  
and /i/  f a i l e d  t o  producz t h e  inale-femals formant ~ ~ 3 1 %  
f a c t o r s  observed by Fant  [STL-QPSR (Royal I n s t i t u t e  of 
Technology, Stockholm),  2-3, 1 -19 ,  19751, i n d i c a t i n g  t h a t  
anatomy is n o t  t h e  o n l y  f a c t o r  i n f l u e n c i n g  t h z s e  s c a l ?  
f a c t o r s .  I t  a p p e a r s  l i k e l y  t h a t  t h e  s c a l e  f a c t o r s  a r 2  3ue t o  a 
tendency of  wonen speak ing  t h e  l anguages  s t u d i 9 3  by Fant  t o  
speak more c l e a r l y .  
T h e s i s  Supe rv i so r :  P ro f .  Kenneth N .  S t evens  
T i t l o :  LeSel P r o f e s s o r  of E l e c t r i c a l  Engineer ing 
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g r a d u a t e  c a r s e r .  I n  s p i t e  o f  a busy  s c n o d u l o ,  h ?  a lways  found 
t i m e  t o  answer  ay q u e s t i o n s .  H i s  a d v i e ? ,  i n s i g h t ,  a n 3  c r i t i c a l  
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CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 
1.1 Why s t u d y  t h e  anatomy of  c h i l d r e n ' s  v o c a l  t r a c t s ?  
...................................................... 
I n  1971,  Lieberman and C r e l i n  p u b l i s h e d  a  pape r  
c o n c e r n i n g  t h e  l i m i t a t i o n s  p l a c e d  on t h e  s o u n d - g e n e r a t i n g  
c a p a b i l i t i e s  of  v a r i o u s  p r i m a t e s  by t h e  d i m e n s i o n s  of  t h e i r  
v o c a l  t r a c t s .  T h e i r  r e s e a r c h  was based  on a  s e t  o f  
s i l i c o n e - r u b b e r  c a s t s  o f  t h e  v o c a l - t r a c t  a i r w a y s  of  t h e  
newborn human, a d u l t  man, and o t h e r  p r i m a t e s .  M i d s a g i t t a l  
s e c t i o n s  o f  t h e s e  c a s t s  r e v e a l  t h a t  t h e  p h a r y n g e a l  p a r t  o f  t h e  
. 
v o c a l  t r a c t  ( t h e  v e r t i c a l  s e c t i o n  from t h e  v o c a l  c o r d s  t o  t h e  
s o f t  p a l a t e )  makes up more t h a n  h a l f  o f  t h e  t o t a l  l e n g t h  of  
t h e  v o c a l  t r a c t  o f  an a d u l t  man. I n  t h e  newborn, t h e  pharynx 
c o m p r i s e s  o n l y  a b o u t  one t h i r d  o f  t h e  t o t a l  v o c a l - t r a c t  
l e n g t h .  Lieberman and C r e l i n  measured t h e  c r o s s - s e c t i o n a l  
a r e a s  of t h e  c a s t s  a t  5 mm i n t e r v a l s  t o  d e t e r m i n e  n e u t r a l  a r e a  
f u n c t i o n s ,  which t h e y  t h e n  p e r t u r b e d  i n  a c c o r d a n c e  w i t h  
assumed a n a t o m i c a l  c o n s t r a i n t s  t o  p roduce  " b e s t "  
a p p r o x i m a t i o n s  t o  t h e  vowels  / i t  /a/, and /u/ .  Computer 
c a l c u l a t i o n  o f  t h e  t h r e e  l o w e s t  f o r m a n t s  from t h e s e  
approx ima ted  a r e a  f u n c t i o n s  i n d i c a t e d  t h a t  t h e  newborn i n £  a n t  
had a  s m a l l e r  r a n g e  o f  p h o n e t i c  vowel c o n t r a s t s  a v a i l a b l e  t h a n  
a d u l t  man. F i g u r e  1.1 shows t h e  l o c a t i o n s  of  t h e  c a l c u l a t e d  
f i r s t  and second fo rman t  f r e q u e n c i e s  f o r  monkeys and human 
newborns i n  r e l a t i o n  t o  t h e  u s u a l  r a n g e  o f  vowel fo rman t  
F R E Q U E N C Y  O F  I, IN C Y C L # S  P # R  S E C O N D  
Figure 1.1 Plot of formant frequencies sinulated by 
Lieberman, et al. (1972) for adult chimpanzees and human 
newborns when area functions were linearly stretched to 
correspond to the length of an adult male vocal tract. 
Points 1 and 2 correspond to "best" estimates of /a/ and 
/i/, respectively, for both chimpanzees and newborns. 
Point 3 and point x represent,the estimate of /u/ for the 
chimpanzee and newborn, respectively. Closed loops show 
the usual range of formant frequencies for American English 
vowels, as reported by Peterson and Barney (1952). 
(After Lieberman, et al., 1972; used with permission) 
f r e q u e n c i e s  r e p o r t e d  by P e t e r s o n  and Barney (1952)  . 
Lieberman and C r e l i n  s t a t e  t h a t  t h e  i n a b i l i t y  o f  a  
newborn i n f a n t  t o  p roduce  / i / ,  /a/, and /u/ is  c a u s e d  by i ts 
0 
s h o r t  pharynx and t h e  g r e a t e r  t h a n  90 a n g l e  between pharynx 
and o r a l  c a v i t y .  They a r g u e  t h a t  t h e s e  two f a c t o r s  g i v e  t h e  
i n f a n t  a  s i n g l e - t u b e  v o c a l  t r a c t ,  a s  opposed t o  t h e  two-tube 
v o c a l  t r a c t  of an a d u l t ,  and t h a t  t h e  two-tube v o c a l  t r a c t  
w i t h  a  r i g h t  a n g l e  between t h e  t u b e s  is needed t o  c r e a t e  t h e  
sudden  changes  i n  ' a r e a  a l o n g  t h e  v o c a l  t r a c t  n e c e s s a r y  f o r  t h e  
p r o d u c t i o n  of  t h e  vowels  / i / ,  /a/, and /u/ .  
Whether o r  n o t  newborn i n f a n t s  have  t h e  a n a t o m i c a l  
c a p a b i l i t i e s  t o  p roduce  a f u l l  r a n g e  of  vowel s o u n d s  is r e a l l y  
a n  academic  q u e s t i o n ,  s i n c e  t h e y  do n o t  have  t h e  i n t e l l e c t u a l  
o r  motor  c a p a b i l i t y  t o  s p e a k .  But t h e  pape r  by Lieberman and 
C r e l i n  d o e s  r a i s e  some i n t e r e s t i n g  q u e s t i o n s  a b o u t  v o c a l - t r a c t  
anatomy and s p e e c h .  What e x a c t l y  a r e  t h e  a n a t o m i c a l  
d i f f e r e n c e s  between t h e  v o c a l  t r a c t s  of  c h i l d r e n  and a d u l t s ,  
and how d o e s  t h e  s h a p e  of  a  c h i l d ' s  v o c a l  t r a c t  change  o v e r  
t i m e ?  Is a  c e r t a i n  amount of v o c a l - t r a c t  g rowth  a  
p r e r e q u i s i t e  f o r  l a n g u a g e  a c q u i s i t i o n  i n  c h i l d r e n ?  Does t h e  
s i z e  and s h a p e  o f  a  p e r s o n ' s  v o c a l  t r a c t  a f f e c t  t h e  p h o n e t i c  
c a p a b i l i t i e s  of  t h a t  p e r s o n ?  Does a  c h i l d  p r o d u c i n g  a  g i v e n  
vowel use  t h e  same a r t i c u l a t o r y  c o n f i g u r a t i o n  a s  an a d u l t  
s a y i n g  t h e  same vowel? 
T h e  p o s s i b i l i t y  of anatomy i n f l u e n c i n g  vowel p r o d u c t i o n  
h a s  been d i s c u s s e d  e x t e n s i v e l y  by F a n t  (1966 ,  1 9 7 5 a ) .  By 
s t u d y i n g  s i x  d i f f e r e n t  l a n g u a g e s ,  he d e t e r m i n e d  t h a t  t h e  
fo rman t  f r e q u e n c i e s  o f  vowels  f o r  women a r e  n o t  r e l a t e d  t o  
t h o s e  of  men by a  s i m p l e  l i n e a r  s c a l e  f a c t o r ,  where t h e  s c a l e  
f a c t o r  K, o f  t h e  n t h  f o r m a n t  is g i v e n  by 
where Fnf is t h e  nth  f o r m a n t  f r e q u e n c y  f o r  f e m a l e s  and Fnm is  
t h e  nth fo rman t  f o r  ma les .  A s i n g l e  l i n e a r  s c a l e  f a c t o r  f o r  
a l l  vowels  would r e s u l t  i f  t h e  o n l y  d i f f e r e n c e  i n  a r e a  
f u n c t i o n s  between men and women were a  l i n e a r  s c a l i n g  i n  
l e n g t h  and p o s s i b l y  a  s i n g l e  m u l t i p l i c a t i v e  s c a l i n g  o f  t h e  
a r e a s .  Fan t  d e t e r m i n e d  t h a t  t h e  amount of s c a l i n g  between t h e  
fo rman t  f r e q u e n c i e s  o f  men and women depends  on b o t h  fo rman t  
number and vowel c a t e g o r y .  H e  a l s o  p o i n t e d  o u t  t h a t  i n  the 
P e t e r s o n  and Barney d a t a  ( 1 9 5 2 ) ,  t h e  c h i l d - f e m a l e  s c a l e  
f a c t o r s  come much c l o s e r  t o  a  un i fo rm s c a l e  f a c t o r  t h a n  e i t h e r  
t h e  male-female s c a l e  f a c t o r s  o r  t h e  ch i ld -ma le  s c a l e  f a c t o r s ,  
imp ly ing  some common c h a r a c t e r i s t i c s  i n  v o c a l - t r a c t  s h a p e  
between women and c h i l d r e n .  I n  h i s  1966 p a p e r ,  F a n t  p r e s e n t s  
a rgumen t s  on how some o f  t h e  male-female s c a l e  f a c t o r s  c o u l d  
be  e x p l a i n e d  by anatomy,  and s u p p o r t s  h i s  a rgumen t s  w i t h  x- ray  
d a t a  on mouth and pharynx s c a l e  f a c t o r s  from a  man and a  woman 
s a y i n g  i ,  t o g e t h e r  w i t h  o b s e r v e d  fo rman t  f r e q u e n c i e s  from 
t h e  s i m u l t a n e o u s l y  r e c o r d e d  speech  waveform. 
I n  o r d e r  t o  f u r t h e r  i n v e s t i g a t e  t h e  c a u s e s  of  non-uniform 
fo rman t  s c a l i n g ,  Nordstrom (1977)  conduc ted  e x p e r i m e n t s  i n  
which he per formed l e n g t h  and volume s c a l i n g s  on t h e  a r e a  
f u n c t i o n s  of t h e  s i x  R u s s i a n  vowels  p u b l i s h e d  by F a n t  (1960)  
and 2 a d d i t i o n a l  a r e a  f u n c t i o n s  o b t a i n e d  by i n t e r p o l a t i o n  from 
t h e  a r e a  f u n c t i o n s  o f  /e/ and /a/. H e  composed a  t a b l e  o f  n i n e  
d i f f e r e n t  v o c a l - t r a c t  s c a l i n g s ,  each  w i t h  a  mouth s c a l e  f a c t o r  
and a  pharynx s c a l e  f a c t o r .  Three  o f  t h e s e  s c a l i n g s  were t a k e n  
from x-ray d a t a  on t h r e e  i n d i v i d u a l s ,  w h i l e  t h e  o t h e r s '  were 
e i t h e r '  un i fo rm s c a l i n g s ,  a r b i t r a r y  s c a l i n g s  m o t i v a t e d  by 
g e n e r a l  i n f o r m a t i o n  on ana tomy,  o r  un i fo rm e n l a r g e m e n t s  of  t h e  
I 
t h r e e  s c a l i n g s  based  on t h e  i n d i v i d u a l s .  I n  t h e  f i r s t  
e x p e r i m e n t ,  t h e  l e n g t h s  o f  t h e  pharynx and mouth c a v i t i e s  o f  
t h e  R u s s i a n  a r e a  f u n c t i o n s  were s c a l e d  i n  a c c o r d a n c e  w i t h  t h e  
n i n e  d i f f e r e n t  v o c a l - t r a c t  s c a l i n g s .  Formant f r e q u e n c i e s  were 
c a l c u l a t e d  from t h e s e  new a r e a  f u n c t i o n s ,  and t h e n  f o r m a n t  
s c a l e  f a c t o r s  were d e t e r m i n e d .  I n  t h e  second e x p e r i m e n t ,  i n  
a d d i t i o n  t o  t h e  c a v i t y  l e n g t h  s c a l i n g ,  t h e  a r e a s  o f  t h e  two 
c a v i t i e s  were s c a l e d  by t h e  s q u a r e  of t h e  l e n g t h  s c a l i n g s .  
Both of  t h e s e  e x p e r i m e n t s  produced  t h i r d  fo rman t  s c a l e  f a c t o r s  
i n  r e a s o n a b l e  ag reemen t  w i t h  t h e  s c a l e  f a c t o r s  o b s e r v e d  i n  
r e a l  s p e e c h ,  b u t  v e r y  l i t t l e  agreement  f o r  f i r s t  and second  
fo rman t  s c a l e  f a c t o r s .  S i n c e  h i s  e s t i m a t e s  of  male-female 
a n a t o m i c a l  d i f f e r e n c e s  d i d  n o t  p r e d i c t  t h e  male- female  s c a l e  
f a c t o r s  o b s e r v e d  i n  n a t u r a l  s p e e c h ,  Nordstrom conc luded  t h a t  
women and c h i l d r e n  p r o b a b l y  use  a r t i c u l a t o r y  p o s i t i o n s  t h a t  
a r e  d i f f e r e n t  from t h o s e  of  men. 
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From t h e  p r e c e d i n g  d i s c u s s i o n ,  it a p p e a r s  t h a t  t h e  
anatomy of a  p e r s o n ' s  v o c a l  t r a c t  may a f f e c t  t h e  a c o u s t i c  
c h a r a c t e r i s t i c s  o f  h i s  s p e e c h ,  a l t h o u g h  t h e  d a t a  a r e  v e r y  few. 
I n  c h i l d r e n  under  two,  it may even  p r e v e n t  them from p r o d u c i n g  
t h e  f u l l  r a n g e  o f  vowel sounds .  However, a t  t h e  p r e s e n t  time, 
t h e r e  e x i s t  no s y s t e m a t i c  s t u d i e s  o f  t h e  way i n  which t h e  
v o c a l  t r a c t  changes  i n  s i z e  and s h a p e  from b i r t h  t o  a d u l t h o o d ,  
f o r  f e m a l e s  a s  w e l l  a s  f o r  m a l e s .  The p u r p o s e  o f  t h i s  s t u d y  is 
f i l l  some of t h e  g a p s  i n  ou r  knowledge a b o u t  v o c a l - t r a c t  
anatomy and g r o w t h ,  and t h e n  t o  a t t e m p t  t o  answer some o f  t h e  
q u e s t i o n s  s t a t e d  e a r l i e r  a b o u t  t h e  r e l a t i o n s h i p  o f  anatomy,  
a c o u s t i c  o u t p u t ,  and a r t i c u l a t o r y  c o n f i g u r a t i o n s .  
1 . 2  How c a n  one b e s t  s t u d y  t h e  e f f e c t s  o f  anatomy on s p e e c h ?  
............................................................. 
When s e a r c h i n g  f o r  a  method o f  s t u d y i n g  t h e  r e l a t i o n s h i p s  
between a n a t o m i c a l  c o n s t r a i n t s  and s p e e c h  waveforms,  an 
o b v i o u s  p l a n  of a t t a c k  would be t o  c o l l e c t  d a t a  on a c t u a l  
s p e e c h  s o u n d s  produced  by d i f f e r e n t  i n d i v i d u a l s  and t h e  
c o r r e s p o n d i n g  a r t i c u l a t o r y  c o n f i g u r a t i o n s .  For many y e a r s ,  
t h e  o n l y  way t o  d e t e r m i n e  t h e  a r t i c u l a t o r y  c o n f i g u r a t i o n  o f  
t h e  v o c a l  t r a c t  f o r  a  g i v e n  sound was t h r o u g h  t h e  u s e  of  
s i m u l t a n e o u s  x-ray and sound r e c o r d i n g s ,  e s p e c i a l l y  
c i n e r a d i o g r a p h y .  U n f o r t u n a t e l y ,  t h e r e  a r e  numerous p rob lems  
w i t h  t h i s  method. C i n e r a d i o g r a p h y  is d a n g e r o u s  and s u b j e c t  t o  
e x p o s u r e  l i m i t a t i o n s .  I t s  u s e  i n  c h i l d  l a n g u a g e  a c q u i s i t i o n  
s t u d i e s  is o u t  of  t h e  q u e s t i o n .  To a l l e v i a t e  t h e  exposure  
problem, a  compute r -con t ro l l ed  x-ray beam t h a t  t r a c k s  t h e  
. movement of l e a d  p e l l e t s  h a s  r e c e n t l y  been developed i n  Japan  
(Fu j imura ,  e t  a l . ,  1 9 6 8 ) .  A t  t h e  expense  of  showing o n l y  t h e  
l o c a t i o n s  of t h e  p e l l e t s ,  t h i s  sys tem g r e a t l y  r e d u c e s  t h e  
x-ray dosage .  However, s i n c e  t h i s  method r e q u i r e s  t h a t  t h e  
s u b j e c t  s i t  r e a s o n a b l y  s t i l l  and t h a t  p e l l e t s  be a t t a c h e d  t o  
t h e  t o n g u e ,  it does  n o t  appear  t o  be a p p l i c a b l e  t o  s t u d i e s  
i n v o l v i n g  s m a l l  c h i l d r e n .  
I n  r e s p o n s e  t o  t h e  need f o r  an a l t e r n a t i v e  t o  
c i n e r a d i o g r a p h y ,  s e v e r a l  a c o u s t i c  t e c h n i q u e s  have  been 
developed f o r  t h e  computa t ion  of a r e a  f u n c t i o n s .  A c o u s t i c  
t e c h n i q u e s  f a l l  i n t o  two g e n e r a l  c a t e g o r i e s :  t h o s e  which use  
o n l y  t h e  i n f o r m a t i o n  i n  t h e  speech s i g n a l  ( l i n e a r  
p r e d i c t i o n / a c o u s t i c  t u b e  m e t h o d s ) ,  and t h o s e  which use  some 
e x t e r n a l l y  a p p l i e d  e x c i t a t i o n  ( l i p  impulse  r e s p o n s e  methods)  
(Sondhi  and Gopina th ,  1 9 7 1 ) .  A good s u r v e y  of t h e  speech  
waveform t e c h n i q u e s  is g i v e n  by Paul  (1976) . U n f o r t u n a t e l y ,  
none of  them per fo rms  v e r y  w e l l ,  a s  e x p l a i n e d  by Sondhi  
(1979) .  The l i p  impulse  r e s p o n s e  methods r e q u i r e  t h a t  an  
a c o u s t i c  t u b e  be a t t a c h e d  t o  t h e  mouth of  t h e  s u b j e c t ,  and 
t h a t  t h e  s u b j e c t  a r t i c u l a t e  w i t h o u t  p h o n a t i n g .  These u n n a t u r a l  
c o n s t r a i n t s  make t h e  method u n s u i t a b l e  f o r  use  w i t h  c h i l d r e n .  
The a c o u s t i c  t e c h n i q u e s  a l s o  s u f f e r  from t h e  f a c t  t h a t  t h e y  
o n l y  p r o v i d e  an a r e a  f u n c t i o n .  I n  o r d e r  t o  o b t a i n  a r t i c u l a t o r y  
c o n f i g u r a t i o n s ,  one needs  i n f o r m a t i o n  a b o u t  t h e  l o c a t i o n  o f  
t h e  bend between t h e  o r a l  c a v i t y  and t h e  pharynx c a v i t y ,  a s  
w e l l  a s  a r e a - t o - m i d s a g i t t a l  c o n v e r s i o n  f o r m u l a s .  
An a t t r a c t i v e  a l t e r n a t i v e  t o  t h e  methods  men t ioned  above  
is t h e  deve lopment  o f  a  v o c a l - t r a c t  model w i t h  some p r o v i s i o n s  
f o r  g rowth .  The p h o n e t i c  c a p a b i l i t i e s  of  i n f a n t s  c a n  be 
s t u d i e d  by t e s t i n g  t h e  r a n g e  o f  f o r m a n t  f r e q u e n c i e s  t h a t  c a n  
be produced  by t h e  model when a d j u s t e d  t o  t h e  s i z e  o f  a  
newborn. Nonuniform s c a l i n g  o f  fo rman t  f r e q u e n c i e s  c a n  be 
s t u d i e d  by f i r s t  d e r i v i n g  an  a r t i c u l a t o r y  c o n f i g u r a t i o n  f o r  a  
s e t  of male  f o r m a n t  f r e q u e n c i e s  by means of an 
a n a l y s i s - b y - s y n t h e s i s  s t r a t e g y  and t h e n  s y n t h e s i z i n g  new . 
fo rman t  f r e q u e n c i e s  f o r  a  f e m a l e  v o c a l  t r a c t  w i t h  t h e  same 
a r t i c u l a t o r y  c o n f i g u r a t i o n .  The s p e c i f i c  d e s i g n  of  t h e  model ,  
a s  w i t h  any  model ,  is h i g h l y  d e p e n d e n t  on t h e  r e a s o n s  f o r  
c o n s t r u c t i n g  it. A model t h a t  i s  t o  be used  f o r  
a n a l y s i s - b y - s y n t h e s i s  a s  well a s  a  g e n e r a l  e x p l o r a t i o n  o f  
p h o n e t i c  a b i l i t y  s h o u l d  p r e f e r a b l y  have  a  minimum number o f  
p a r a m e t e r s ,  be e a s i l y  changed a s  t h e  v o c a l  t r a c t  g rows ,  y e t  
impose o n l y  r e a l i s t i c  c o n s t r a i n t s  on t h e  a r t i c u l a t o r y  
mechanism. 
A number of  a r t i c u l a t o r y  models  have  been d e v e l o p e d  by 
v a r i o u s  r e s e a r c h e r s ,  b u t  none can  be used f o r  c h i l d r e n  w i t h o u t  
m o d i f i c a t i o n .  One o f  t h e  e a r l i e r  o n e s  ( S t e v e n s  and House,  
1955)  used  v a l u e s  f o r  t h e  r a d i u s  of  c o n s t r i c t i o n ,  t h e  l o c a t i o n  
o f  t h e  c o n s t r i c t i o n  and t h e  a r e a  o f  t h e  l i p  o p e n i n g  i n  a  
s t r a i g h t  t u b e  t o  g e n e r a t e  t h e  vowel s o u n d s  o f  E n g l i s h .  L a t e r  
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models tended to use a curved-tube representation which looks 
like the midsagittal outline of the vocal tract together with 
some transformation from the midsagittal-plane representation 
to the area function. The main differences among these 
various models appears to be in the representation -of the 
movable parts of the vocal apparatus, especially in the 
representation of the tongue. 
Two very detailed models of the tongue have been 
developed from the point of view of individual muscle effects 
(Perkell, 1974; Kiritani, et al., 1976). Unfortunately, 
however accurate this representation may be, it becomes rather 
unwieldy for an analysis-by-synthesis system beciause of the 
many parameters involved. Another dynamic model developed by i 
Henke (1966) is unsuitable for the same reason. 
Most other people have used a geometrical approach to the 
problem. Harshman's model (1977) manipulates two scalar 
tongue-shape parameters, which, when multiplied by their 
corresponding tongue-movement vectors, completely determine 
the position of the tongue. The basic tongue movement vectors 
were obtained from lateral x-ray data of 10 American English 
vowels spoken by 5 adult men. A grid of 18 reference lines was 
superimposed on a tracing of the vocal tract for each vowel. A 
13-dimensional vector was constructed from the displacement of 
the tongue along 13 of the grid lines. The resulting set of 
vectors was subjected to a factor analysis to determine the 
two vectors which, when combined linearly, could produce the 
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t o n g u e  d i s p l a c e m e n t s  w i t h  t h e  l e a s t  amount o f  e r r o r .  S i n c e  it 
was d e r i v e d  c o m p l e t e l y  from a d u l t  d a t a ,  t h i s  r e p r e s e n t a t i o n  o f  
t h e  tongue  can  h a r d l y  be used  f o r  c h i l d r e n  w i t h o u t  major  
m o d i f i c a t i o n .  
A s i m i l a r  s y s t e m  was used by Lindblom and Sundberg  (1971)  
f o r  d e s c r i b i n g  t h e  t o n g u e ,  b u t  i n s t e a d  o f  combining  two 
d i s p l a c e m e n t  v e c t o r s  o b t a i n e d  t h r o u g h  a  r i g  i d  m a t h e m a t i c a l  
a n a l y s i s ,  a  less r i g o r o u s  method was used .  Two p a r a m e t e r s  were 
used  t o  c o n t r o l  t h e  tongue :  one  c o n t r o l l e d  t h e  amount o f  
t ongue  d e f o r m a t i o n  and t h e  o t h e r  c o n t r o l l e d  t h e  l o c a t i o n  o f  
t h e  c o n s t r i c t i o n .  T r a c i n g s  o f  t h e  . t o n g u e  c o n t o u r s  from 
l a t e r a l  . x- rays  of a d u l t  men s a y i n g  t h e  vowe l s  / i / ,  /a/, and 
/u/ were used  t o  c a l i b r a t e  t h e  r a n g e  o f  t h e s e  p a r a m e t e r s .  
Tongue c o n t o u r s  f o r  o t h e r  vowels  were o b t a i n e d  by 
i n t e r p o l a t i o n .  Aga in ,  b e c a u s e  t h e  p a r a m e t e r s  were d e r i v e d  
from x- ray  d a t a  on a d u l t  m a l e s ,  t h e  model c o u l d  n o t  be used 
f o r  c h i l d r e n  w i t h o u t  major  m o d i f i c a t i o n .  
A more v e r s a t i l e  a p p r o a c h  i s  t a k e n  by Coker (1976)  and 
Mermel s t e in  ( 1 9 7 3 ) .  T h e i r  v e r y  s i m i l a r  models  u s e  a  p o r t i o n  o f  
a  c i r c l e  t o  r e p r e s e n t  t h e  body of  t h e  t o n g u e .  They c o n t r o l  t h e  
l o c a t i o n  and d e g r e e  of c o n s t r i c t i o n  of  t h e  v o c a l  t r a c t  by t h e  
l o c a t i o n  of  t h e  c e n t e r  of  t h i s  c i r c l e .  O the r  p a r a m e t e r s  
c o n t r o l  l i p  o p e n i n g ,  l o c a t i o n  of  t h e  t o n g u e  t i p ,  t o n g u e  r o o t ,  
jaw, and velum. T h i s  model a p p e a r s  t o  be t h e  most  r e a d i l y  
a d a p t a b l e  one f o r  u s e  w i t h  c h i l d r e n ,  s i n c e  t h e  d i m e n s i o n s  of  
v a r i o u s  s e c t i o n s  of  t h e  v o c a l  t r a c t  c a n  be changed 
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independently by changing a  few simple c o n s t a n t s ,  such a s  the  
r ad ius  of the c i r c l e  or the  length  of the  p o s t e r i o r  pharyngeal 
wal l .  
1.3 Organization of the  t h e s i s  
............................... 
T h i s  t h e s i s  desc r ibes  t h e  development of an a r t i c u l a t o r y  
model t h a t  is v a l i d  fo r  ch i ld ren  of a l l  ages a s  wel l  a s  f o r  
men and women. I t s  purpose is two-fold: t o  conso l ida te  
e x i s t i n g  anatomical in£  ormat ion about voca l - t r ac t  growth and 
t o  explore the  e f f e c t s  of anatomy on vowel production. Chapter 
2 d i scusses  the  anatomical measurements a v a i l a b l e  i n  t h e  
medical l i t e r a t u r e  and p resen t s  a  method of parameter izing t h e  
d a t a  i n t o  growth curves fo r  incorpora t ion  in  the  model. The 
d a t a  and the  corresponding parameters a r e  given i n  graphs and 
t a b l e s  a t  the  end of Chapter 2 .  Chapter 3  p resen t s  the  
cons t ruc t ion  of the  m i d s a g i t t a l  o u t l i n e  of the  model. 
Dimensions of f ixed  s t r u c t u r e s  and the  r e s t i n g  values of the  
v a r i a b l e s  c o n t r o l l i n g  movable s t r u c t u r e s  a r e  funct ions  of age. 
The method used fo r  c a l c u l a t i n g  voca l - t r ac t  length  and 
dimensions in the  m i d s a g i t t a l  plane is explained i n  Chapter 4 ,  
while Chapter 5 desc r ibes  the  midsagi t ta l - to-area  
t ransformation and a rea  function-to-formant frequency 
conversion. Resul ts  a r e '  given i n  Chapter 6 ,  s t a r t i n g  with a  
summary of voca l - t r ac t  growth c h a r a c t e r i s t i c s .  Next, t h e  
range of vowel production c a p a b i l i t i e s  of the  newborn i s  
d iscussed ,  together  with impl ica t ions  for  language 
acquisition. (An exploration of consonants is beyond the 
scope of this study.) Finally, the issue of nonuniform 
scaling of formant frequencies between men, women, and 
children is addressed. 
CHAPTER 2 
GROWTH. PARAMETERS 
2 .1  I n t r o d u c t i o n  
----------------- 
I n  o r d e r  t o  c o n s t r u c t  a  v o c a l - t r a c t  model t h a t  c a n  be 
used  f o r  men, women, and c h i l d r e n ,  t h e  d i m e n s i o n s  o f  f i x e d  
v o c a l - t r a c t  s t r u c t u r e s  a s  w e l l  a s  r e s t i n g  v a l u e s  o f  t h e  
v a r i a b l e s  c o n t r o l l i n g  movable  s t r u c t u r e s  mus t  be  made 
f u n c t i o n s  o f  a g e  and s e x .  N o  s y s t e m a t i c  i n v e s t i g a t i o n  o f  t h e s e  
d i m e n s i o n s  can  be found  i n  t h e  l i t e r a t u r e ,  b u t  u s e f u l  d a t a  c a n  
be  o b t a i n e d  from a  number o f  d i f f e r e n t  s t u d i e s  i n  s u c h  d i v e r s e  
f i e l d s  a s  s u r g e r y ,  r a d i o l o g y ,  and p e d i a t r i c s .  However, b e f o r e  
b e g i n n i n g  a d i s c u s s i o n  o f  t h e  a c t u a l  measurements  c o l l e c t e d ,  
t h r e e  s u b j e c t s  must  be a d d r e s s e d .  1) I n  o r d e r  f o r  measurements  
t o  be m e a n i n g f u l  and r e p e a t a b l e ,  p r e c i s e  a n a t o m i c a l  l andmarks  
h a v e  t o  be d e f i n e d .  2 )  D i f f e r e n t  t e c h n i q u e s  f o r  m e a s u r i n g  t h e  
a p p r o p r i a t e  s t r u c t u r e s  a f f e c t  . t h e  r e l i a b i l i t y  o f  t h e  d a t a  
c o l l e c t e d .  3 )  Some method must  be found  t o  i n c o r p o r a t e  t h e  
measurements  i n t o  t h e  computer  model.  
2 . 2  Ana tomica l  Landmarks and Te rmino logy  
......................................... 
S i n c e  humans a r e  t h r e e - d i m e n s i o n a l  b u t  t h e  p a p e r  o f  a n  
a n a t o m i c a l  a t l a s  is o n l y  two-d imens iona l ,  it is s t a n d a r d  
p r a c t i c e  t o  d e f i n e  a  s e t  o f  r e f e r e n c e  p l a n e s .  The m i d s a g i t t a l  
p l a n e  is a  v e r t i c a l  p l a n e  d i v i d i n g  t h e  body i n t o  r i g h t  and 
l e f t  h a l v e s .  The f r o n t a l  l a n e s  a r e  t h e  s e t  o f  v e r t i c a l  
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planes (approximately p a r a l l e l  t o  the forehead) t h a t  a re  
perpendicular t o  the midsagi t ta l  plane (Zemlin, 1 9 6 8 ) .  
Some other frequently-used terms a re  l i s t e d  below. 
an t e r i o r  - toward the f ron t  of the body 
dorsa l  - toward the  back 
f i s s u r e  - a  c l e f t  or groove 
foramen - a  na tu ra l  hole or passage 
i n f e r i o r  - lower 
pos te r io r  - toward the  back of the  body 
spine - a  sharp, thorn-l ike projec t ion  
superior  - upper 
tuberc le  - a  small ,  round projec t ion  
ven t ra l  - toward the  f ron t  
Figure 2 .1  shows the loca t ions  of some standard reference 
poin ts  and l i n e s ,  which a re  described below in  a lphabet ica l  
order.  
an te r io r  tuberc le  of the a t l a s  (ATA)  - most forward 
poin t  of the f i r s t  ce rv ica l  vertebra 
an te r io r  nasal spine ( A N S )  - forward t i p  of the  nasal  
spine 
Bjor k ' s  a r t i c u l a r e  (ART) - in te r sec t ion  of the 
pos te r io r  ou t l i ne  of t h e '  neck or head of the  
mandibular condyle w i t h  the  ou t l i ne  of the  i n f e r i o r  
sur face  of the o c c i p i t a l  bone 
foramen cecum (FC) - a  depression on the  surface  of 
the tongue 
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Figure 2.1 Partial tracing of the x-ray in Figure 2.2 showing 
some reference lines and planes that are used in cephalometry. 
Labels on figure are explained in text. 
Figure 2.2 A lateral head plate of a normal adolescent 
female, age 16. 
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F r a n k f o r t  h o r i z o n t a l  l i n e  (FH) - l i n e  t h r o u g h  p o r i o n  
and o r b i t a l e  
g l o t t i s  ( G )  - t h e  open ing  between t h e  v o c a l  c o r d s  and 
t h e  a r y t e n o i d  c a r t i l a g e s  
h y o i d  bone ( H )  - t h e  U-shaped bone l o c a t e d  a t  t h e  b a s e  
o f  t h e  t o n g u e  
m a n d i b u l a r  c o n d y l e  (MC) - t h e  rounded p r o c e s s  a t  t h e  
p o i n t  where t h e  mand ib le  a r t i c u l a t e s  w i t h  t h e  
t e m p o r a l  bone 
m a n d i b u l a r  symphys is  (MS) - t h e  a n t e r i o r  p o r t i o n  o f  
t h e  mand ib le  where its two h a l v e s  a r e  j o i n e d .  
n a s i o n  (Na) - most  f o r w a r d  p o i n t  o f  t h e  j u n c t i o n  
be tween t h e  f r o n t a l  ( f o r e h e a d )  and n a s a l  bones  
n a s i o n - s e l l a  l i n e  (NSL) - l i n e  t h r o u g h  s e l l a  and 
n a s i o n  
o r b i t a l e  (Or)  - t h e  l o w e s t  p o i n t  o f  t h e  bony s o c k e t  
w h i c h  c o n t a i n s  t h e  eye  
p a l a t a l  l i n e  (PL) - l i n e  t h r o u g h  t h e  p o s t e r i o r  n a s a l  
s p i n e  and t h e  a n t e r i o r  n a s a l  s p i n e  
p o r i o n  (Po)  - t h e  p o i n t  on t h e  upper  marg in  o f  t h e  
e x t e r n a l  e a r  c a n a l  
p o s t e r i o r  n a s a l  s p i n e  (PNS) - p o s t e r i o r  end  o f  t h e  
h a r d  p a l a t e  
p t e r y g o - m a x i l l a r y  f i s s u r e  (PtM) - d e p r e s s i o n  a t  t h e  
j u n c t i o n  o f  t h e  p o s t e r i o r  b o r d e r  o f  t h e  m a x i l l a  
(uppe r  jaw bone)  and t h e  p t e r y g o i d  p r o c e s s  ( s e e  
F i g u r e  2 .1)  
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s e l l a  ( S )  - c e n t e r  of t h e  s e l l a  t u r c i c a ,  a  
s e m i c i r c u l a r  d e p r e s s i o n  i n  t h e  spheno id  bone 
Some a d d i t i o n a l  s t r u c t u r e s  a r e  d e s c r i b e d  below, a l s o  i n  
a l p h a b e t i c a l  o r d e r .  
a l v e o l a r  p r o c e s s  of  t h e  m a x i l l a  - t h e  r i d g e  p r o j e c t i n g  
from t h e  lower s u r f a c e  of  t h e  m a x i l l a  c o n t a i n i n g  t h e  
s o c k e t s  of t h e  upper t e e t h  
a r y t e n o i d  c a r t i l a g e s  - t h e  p a i r  of  c a r t i l a g e s  a t  t h e  
back of t h e  g l o t t i s  t o  which t h e  v o c a l  c o r d s  a r e  
a t t a c h e d  
laryngo-pharynx - t h e  s e c t i o n  of  t h e  pharynx below t h e  
l e v e l  of  t h e  hyoid bone, a l s o  sometimes c a l l e d  t h e  
l a r y n x  t u b e  
mandible  - t h e  bone forming t h e  lower jaw 
m a x i l l a e  - t h e  two bones which form t h e  upper jaw 
naso-pharynx - t h e  s e c t i o n  of  t h e  pharynx above t h e  
s o f t  p a l a t e  
oro-pharynx - t h e  s e c t i o n  of t h e  pharynx between t h e  
hyoid  bone and t h e  s o f t  p a l a t e  
pharynx - t h e  t u b e  which c o n n e c t s  t h e  n a s a l  and o r a l  
c a v i t i e s  w i t h  t h e  esophagus  and t h e  l a r y n x  
s i n u s  p i r i f o r m i s  - t h e  t r e n c h  which r u n s  around t h e  
opening of  t h e  l a r y n x ,  c h a n n e l i n g  food from t h e  
mouth t o  t h e  esophagus  
2 . 3  Methods o f  Data  C o l l e c t i o n  
............................... 
S e v e r a l  t e c h n i q u e s  have  been used  f o r  o b t a i n i n g  
measurements  i n  t h e  c r a n i o f a c i a l  r e g i o n .  Of t h e s e ,  r a d i o g r a p h y  
h a s  s o  f a r  y i e l d e d  t h e  l a r g e s t  q u a n t i t y  o f  u s e f u l  d a t a ,  
a l t h o u g h  it is no l o n g e r  b e i n g  used  e x t e n s i v e l y  f o r  s t u d i e s  on 
normal  c h i l d r e n  b e c a u s e  o f  r a d i a t i o n  d a n g e r s .  The most  common 
t y p e  of  x - r ay  is t h e  l a t e r a l  c e p h a l o m e t r i c  roen tgenogram,  an  
example o f  which is shown i n  F i g u r e  2.2. ' The u s u a l  d a t a  
c o l l e c t i o n  p r o c e d u r e  c o n s i s t s  o f  t r a c i n g  t h e  r e l e v a n t  p a r t s  o f  
t h e  x- ray  and t h e n  measu r ing  d i s t a n c e s  be tween t h e  v a r i o u s  
l andmarks .  The t r a c i n g  shown i n  F i g u r e  2 . 1  was made from t h e  
x - r ay  of F i g u r e  2.2.  L a t e r a l  x - r ays  a r e  u s e f u l  m a i n l y  f o r  
v o c a l - t r a c t  l e n g t h  measurements .  Width measurements  c a n  be 
o b t a i n e d  from x - rays  t a k e n  i n  t h e  f r o n t a l  p l a n e ,  or from 
tomographs ,  which a r e  images o f  a  s l i c e  o f  t h e  body. 
The t ime-honored method of  s t u d y i n g  human anatomy by 
d i s s e c t i n g  c a d a v e r s  h a s  a l s o  y i e l d e d  i n f o r m a t i o n  a b o u t  
c h i l d r e n ' s  v o c a l  t r a c t s ,  b u t  is a s s o c i a t e d  w i t h  numerous 
p r o b l e m s .  C e r t a i n  s t r u c t u r e s  may n o t  be found i n  t h e  same 
r e l a t i v e  p o s i t i o n s  a s  i n  t h e  l i v i n g  p e r s o n ,  b e c a u s e  o f  a .  l a c k  
o f  musc le  t o n e .  I f  t h e  d i s s e c t i o n  d o e s  n o t  t a k e  p l a c e  
i m m e d i a t e l y  a f t e r  d e a t h ,  t h e  s o f t  t i s s u e s  become r i g i d ,  o f t e n  
h a r d e n i n g  i n  u n n a t u r a l  p o s i t i o n s .  I f  a  f i x a t i v e  is  used  t o  
p r e s e r v e  t h e  body,  a  c e r t a i n  amount o f  s o f t  t i s s u e  s h r i n k a g e  
w i l l  o c c u r .  A l s o ,  i f  a  n o n - r i g i d  s t r u c t u r e  is removed from t h e  
body b e f o r e  it is measured ,  i t s  s i z e  and s h a p e  may change  
d r a m a t i c a l l y  b e c a u s e  o f  t h e  a b s e n c e  o f  t h e  u s u a l  f o r c e s  
e x e r t e d  on it by t h e  s u r r o u n d i n g  s t r u c t u r e s .  One must  a l s o  a s k  
how r e p r e s e n t a t i v e  t h e  c a d a v e r s  a r e  o f  t h e  g e n e r a l  p o p u l a t i o n .  
S i n c e  no rma l ,  h e a l t h y  b a b i e s  do n o t  u s u a l l y  d i e ,  t h e  o n e s  t h a t  
d o  may have  s u f f e r e d  from d i s e a s e ,  m a l n u t r i t i o n ,  o r  a c c i d e n t s  
t h a t  c o u l d  a f f e c t  t h e  measurements  b e i n g  made. A f i n a l  problem 
w i t h  c a d a v e r  m a t e r i a l  is t h a t  l o n g i t u d i n a l  s t u d i e s  a r e  n o t  
p o s s i b l e .  
Measurements  c a n  a l s o  be made d i r e c t l y  on l i v i n g  
s u b j e c t s ,  b u t  t h e s e  measurements  a r e  l i m i t e d  by t h e  
a c c e s s i b i l i t y  o f  t h e  s t r u c t u r e s  t o  be measured .  The new 
t e c h n i q u e  o f  u l t r a s o u n d  shows g r e a t  p r o m i s e ,  b u t  s o  f a r  h a s  1 
o n l y  been used  f o r  s t u d i e s  on a d u l t  men. I t  h a s  t h e  a d v a n t a g e  
t h a t  it a p p e a r s  t o  be t o t a l l y  h a r m l e s s ,  w h i l e  a l l o w i n g  
measurements  of  s t r u c t u r e s  t h a t  a r e  o t h e r w i s e  a c c e s s i b l e  o n l y  
by r a d i o g r a p h y  , o r  d i s s e c t i o n .  However, s i n c e  t h i s  t e c h n i q u e  
works on t h e  p r i n c i p l e  o f  sound r e f l e c t i o n  from a  t i s s u e  
boundary  r a t h e r  t h a n  a b s o r p t i o n  by c e r t a i n  s t r u c t u r e s ,  t h e  
r e s u l t s  become more d i f f i c u l t  t o  i n t e r p r e t  t h a n  x - rays .  
2.4 Curve Fitting 
------------------ 
2.4.1 Reasons for curve fitting 
................................ 
. 
After many measurements of different parts of the head 
and neck have been collected for various ages of children, the 
problem of how to incorporate them into the model arises. 
Since the data collected from the literature were not taken 
from studies on speech, most of the measurements do not 
correspond directly to dimensions of the vocal-tract model. 
Many of these dimensions can be derived by adding or 
subtracting other measurements, but first one must solve the 
following problems. 1) All measurements include error. When 
measurements are added or subtracted, this error increases. 2) 
If measurements from two different studies were not taken at 
the same age intervals, they cannot be combined without some 
interpolation or extrapolation. One approach to the solution 
of these problems is to fit the data points of each 
measurement with a parameterized growth curve that expresses 
the value of the measurement as a function of age. In addition 
to smoothing, interpolating, and extrapolating, this technique 
allows efficient storage of a large quantity of data and 
permits the incorporation of certain known facts about the 
growth process. 
2.4.2 Characteristics of Growth 
The skeletal and muscular growth of a child is 
characterized by three growth spurts, each followed by a 
period of slowing down (Robertson, 1923). The maximum growth 
velocity of the first, or infantile, spurt occurs at birth, 
the juvenile spurt occurs shortly .after age 1, and the 
adolescent spurt occurs between about age 10 and 14. The 
slackening of growth between the infantile and juvenile growth 
spurts is not very important, so one can often combine these 
two growth spurts for a slightly less detailed 
characterization of growth. This pattern of growth is valid 
for most dimensions of the head and neck, notable exceptions 
being measurements involving the teeth. The growth spurts are 
less evident for data averaged over a number of individuals 
than they would be for a single individual because the timing 
of growth spurts varies from one child to another. 
2.4.3 Curve-fitting Procedure 
------------------------------ 
The choice of the proper type of growth curve is subject 
to several considerations. Since measurements of parameters 
with age are often specified by only about 15 data points, it 
is essential that the number of parameters in the growth curve 
be kept to a minimum. However, it is desirable to use a 
sufficient number of parameters in order to adequately 
represent the e.xpected pattern of growth. Ideally, a growth 
curve should be monotonically increasing, show two growth 
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s p u r t s ,  and l e v e l  o f f  toward adu l thood .  Also ,  i n  o r d e r  t o  
e l i m i n a t e  a r b i t r a r y  d e c i s i o n s  about  where one cu rve  s t o p s  and 
ano the r  s t a r t s ,  it is d e s i r a b l e  t o  use a  s i n g l e  cu rve  t o  
r e p r e s e n t  t h e  e n t i r e  age  range.  One e q u a t i o n  t h a t  f i t s  t h e s e  
c r i t e r i a  is t h e  double  l o g i s t i c  cu rve  
f i r s t  sugges ted  by Robertson (1923) and l a t e r  used by Bock, e t  
a l .  (1973) t o  d e s c r i b e  growth of recumbent body l e n g t h .  
The double  l o g i s t i c  cu rve  is a  s u p e r p o s i t i o n  of two 
l o g i s t i c  c u r v e s  r e p r e s e n t i n g  t h e  two growth s p u r t s ,  each 
s p e c i f i e d  by t h e  equa t i on  
Parameter  A is t h e  v a l u e  of Y i n  t h e  l i m i t  a s  t + w ,  i . e . ,  t h e  
maximum va lue  of t h e  d a t a  a t  t h e  end of t h e  growth s p u r t .  The 
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t ime a t  which t h e  growth s p u r t  is h a l f  f i n i s h e d  is g iven  by 
B / c ~ .  Parameter  C is t h e  growth c o n s t a n t  t h a t  d e f i n e s  t h e  ' 
maximum s l o p e  of t h e  cu rve  t o  b.e A C ~ / ~ .  F igu re  2.3 shows t h e  
shape of t h e  b a s i c  curve .  
F igu re  2.4 shows an example of t h e  double  l o g i s t i c  curve  
f i t t e d  t o  some t y p i c a l  growth d a t a .  Table  2.1 l i s t s  fou r  
a d d i t i o n a l  cu rves  t h a t  a r e  s u i t a b l e  f o r  model l ing growth. Of 
t h e s e  c u r v e s ,  t h e  Jenss-Bayley was used by Deming and Washburn 
Figure 2.3 Logistic curve as specified by the equation 
AGE (YEARS) 
Figure 2.4 Distance from the sella-nasion line to the hyoid 
bone in girls fitted with a double-logistic curve. 
(Data points from King, 1952) 
Table  2 . 1  Equa t ions  used  f o r  model l ing growth 
NAME OF CURVE EQUATION NUMBER OF 
PAR9METERS 
Double L o g i s t i c  Y =  A + D 2 6 
B - c2t 1 +- e E - F t  1 + e 
Double Exponent ia l  Y = A + !3zCt + D e  E t  
Exponent ia l  Y = A + B e  Ct 
S t r a i g h t  L i n e  
(1963) for modelling growth in children before puberty. 
Since the measurements of a certain distance at a given 
age very probably have a gaussian distribution, it seemed 
reasonable to perform the curve fitting by the method of least 
squares. Most of the data to be fitted consisted of the mean 
of several individuals in the same age group. Therefore, where 
possible, the curve fitting was performed with a weighted 
least squares, using the number of samples in each mean as the 
weight. 
Unfortunately, applying the method of least squares to a 
double logistic curve makes it necessary to solve 6 
simultaneous nonlinear equations. This problem was solved 
iteratively with a multidimensional Newton-Raphson 
formulation. 
Since the Newton-Raphson method requires that the 
algorithm be provided with good initial estimates of each 
parameter, an interactive system was programmed on the 
computer. This system accepted initial guesses for the 
.parameters and then plotted the resulting function along with 
the data to be fitted. Parameter corrections were entered 
until the curve appeared to match the data closely enough to 
allow the algorithm to converge, as judged by prior 
experience. Next, the curve fitting algorithm was initiated. 
After each iteration, the program printed out the values of 
the parameters, percent change of each parameter, and various 
e r r o r  s t a t i s t i c s  c o n c e r n i n g  t h e  f i t  of t h e  c u r v e  t o  t h e  d a t a .  
The a l g o r i t h m  was c o n s i d e r e d  t o  have  converged when p e r c e n t  
change i n  each  pa ramete r  was l e s s  t h a n  l@-7 from one i t e r a t i o n  
t o  t h e  n e x t .  For t h e  doub le  l o g i s t i c  c u r v e ,  convergence  
u s u a l l y  r e q u i r e d  a b o u t  30 i t e r a t i o n s .  
However, n o t  a l l  measurements c o u l d  be f i t t e d  w i t h  doub le  
l o g i s t i c  c u r v e s  because  t h e  a l g o r i t h m  c o u l d  n o t  a lways  be made 
t o  converge .  Sometimes t h e r e  were i n s u f f i c i e n t  d a t a  p o i n t s  
s p e c i f y i n g  a  c e r t a i n  p o r t i o n  of t h e  c u r v e ,  o r  t h e  d a t a  
i n c l u d e d  t o o  much n o i s e ,  n e c e s s i t a t i n g  t h e  u s e  of  a  c u r v e  w i t h  
fewer t h a n  s i x  p a r a m e t e r s .  According t o  t h e  n a t u r e  of  t h e  
d a t a ,  one of t h e  o t h e r  c u r v e s  from T a b l e  2 .1  was chosen .  For 
example, F i g u r e s  2.5 and 2.6 show c u r v e s  which r e p r e s e n t  t h e  
i n f a n t i l e  growth s p u r t .  T h e r e f o r e  t h e y  a r e  o n l y  a p p r o p r i a t e  i n  
c a s e s  where a  good d a t a  p o i n t  e x i s t s  a t  age  21, and s h o u l d  n o t  
be used f o r  e x t r a p o l a t i o n .  The e x p o n e n t i a l  c u r v e  i n  F i g u r e  2.7 
is  a  b e t t e r -  c h o i c e  f o r  e x t r a p o l a t i o n ,  s i n c e  it h a s  a  g e n e r a l  
l e v e l i n g - o f f  t r e n d .  I t  c a n n o t  be used t o  r e p r e s e n t  t h e  d e t a i 1 . s  
of  a  growth s p u r t ,  b u t  no growth s p u r t s  a r e  e v i d e n t  i n  t h e  
d a t a  of F i g u r e  2.7. There  a r e  i n s u f f i c i e n t  d a t a  p o i n t s  t o  
d e f i n e  t h e  i n f a n t i l e  growth s p u r t ,  and t h e  a d o l e s c e n t  growth 
s p u r t  was p r o b a b l y  o b l i t e r a t e d  by t h e  a v e r a g i n g  of  male and 
female  d a t a  because  of  d i f f e r e n c e s  i n  g rowth-spur t  t i m i n g .  
The c u r v e s  g i v e n  i n  T a b l e  2.1 do n o t  r e p r e s e n t  t h e  o n l y  
p o s s i b l e  set  of c u r v e s  t h a t  can  . be used t o  model 
ske le to -muscu la r  growth.  S e v e r a l  o t h e r s  were t r i e d ,  b u t  each  
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Figure 2.5 Distance from the glottis to the hyoid bone in 
boys fitted with a double-exponential curve. 
(Data points from Gedgoud, 1900) 
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AGE (YEARS) 
Figure  2 . 6  Dis tance  from t h e  g l o t t i s  t o  t h e  hyoid bone i n  
g i r l s  f i t t e d  w i t h  a Jenss-Bayley curve.  
(Data p o i n t s  from Gedgoud, 1900) 
I 1 I 1 I 1 I 
5 10 15 20 
AGE <YEARS> 
Figure 2.7 Horizontal distance from articulare to the 
posterior nasal spine fitted with an exponential curve. 
(Data points from Broadbent, et al., 1975) 
produced almost exactly the same results as the curve from 
Table 2.1 having the same number of parameters. For example, 
Figure 2.8 shows the data of Figure 2.4 fitted with the double 
logistic curve and the following curve, which is a 
superposition of two Gompertz curves. 
The Gompertz curve is a non-symmetrical S-shaped curve that 
has been used by others to represent the adolescent growth 
spurt (Deming, 1957). 
2.5 Growth data 
Most of the measurements needed to specify the dimensions 
of the vocal tract at rest can be found in the medical 
literature. Those measurements used in the vocal-tract model 
that involved data fitted with growth curves are presented in 
in the form of graphs and tables in the remainder of this 
chapter. Whenever a growth curve included a data point 
representing an adult measurement value, that data point was 
arbitrarily assigned an age of 21 under the assumption that 
growth is complete by that age. The application of these data 
to the construction of the model will be presented in Chapters 
3 and 5. Any further data required to construct the model 






-a- DOUBLE GOMPERTZ 
AGE (YEARS) 
Figu re  2 . 8  Data o f  F i g u r e  2 . 4  f i t t e d  w i t h  bo th  t h e  double  
l o g i s t i c  c u r v e  and t h e  double  Gompertz curve .  
Table 2.2 ANGFHJ 
Definition of measurement: Angle of Frankfort horizontal with 
respect to the body of the jaw. 
Source of data: 
X sexes combined - Broadbent, et al., 1975 
Equation used: ANGFHJ = A + Bt 
Parameters used: Location of Measurement: 
Comments: 
Reliable x-ray data. The data only appear- to be noisy 
because of the greatly expanded vertical scale of Figure 2.9. 
AGE CYEARS) 
Figure  2 . 9  Angle of t h e  F r a n k f o r t  h o r i z o n t a l  w i t h  r e s p e c t  t o  
t h e  body o f  t h e  jaw (ANGFHJ). 
Table 2.3 A V G F H V  
Definition of measurement: Angle of a line tang.ent to the 
anterior surfaces of the bodies 3f th? second, third, and 
fourth cervical vertebrae with respect to a line 
perpendicular to the Frankfort horizontal. 




Equation usnd: A N G F H V  = A + Bt 
Parametsrs used: Location of Measurement: 
nale 
age < 2.5 y,  s 
A 4.880 
B 1.467 







a .  293 
Comments : Y r  
Rzliable x-ray d3ta. This measurement, with A N G F H J  31-13 
















































Table 2.4 ANGPJ 
Definition of measurement: Angle of palatal line with respect 
to the body of the jaw. 
Source of data: 
X sexes combined - Broadbent, et al., 1975 
Equation used: ANGPJ = A + Bt 
Parameters used: Location of Measurement: 
Comments : 
Reliable x-ray data. 
5 10 15 20 
AGE (YEARS) 
Figure 2.11 Angle of the palatal line with respect to the 
body of the jaw (ANGPJ) . 
Table 2.5 ANSPNS 
Definition of measurement: Distance from the anterior nasal 
spine to the posterior nasal spine. 




* male I Broadbent, et at., 1975 A female 
Equation used: ANSPNS = A + D 2 2 
1 + e B - C t  1 + e  E -.F' t 
















Reliable x-ray data. The data tabulated in Broadbent, et 
al. are not corrected for x-ray magnification. They were 
therefore adjusted using the correction factors given in 
Broadbent, et al. before being fitted with the growth curves. 
AGE <YEARS> 
- 
Figure 2.12 'Distance from the anterior nasal spine to the 






- - - FEMALE 
Table 2.6 ARTPNS 
Definition of measurement: Horizontal distance from articulare 
to the posterior nasal spine measured parallel to the 
palatal line. 
Source of data: 
X sexes combined - Broadbent, et al., 1975 
Equation used: ARTPNS = A + Be Ct 
Parameters used: Location of Measurement: 
Comments : 
Data were measured from the composite x-ray tracings of 
the Bolton study and then corrected for magnif ication-using 
the correction factors given in Broadbent, et al., 1975. 
I I I 1 I I 1 I 
5 10 1s 20 
AGE (YEARS) 
Figure 2.13 Horizontal distance from articulare to the 
posterior nasal spine (ARTPNS). 
Table 2.7 ATLPTM 
Definition of measurement: Distance from the anterior tubercle 
of the atlas to the pterygomaxillary fissure measured 
parallel to the Frankfort horizontal. 
Source of data: 
x male t King, 1952 Q female 








Location of Measurement: 
Reliable x-ray data, though some additional data points 
for late adolescence and adulthood would be beneficial. The 
data only appear to be noisy because of the greatly expanded 




Figure 2.14 Distance from the anterior tubercle of the atlas 
to the pterygomaxillary fissure (ATLPTM). 
Table 2.8 HORINC 
Definition of measurement: Horizontal distance from tip of 
upper incisor to tip of lower incisor measured parallel 
to the palatal line. 
Source of data: 
X sexes combined - Broadbent, et al., 1975 
Equation used: HORINC = A + Bt 
Parameters used: Location of Measurement: 
age < 7.5 years 
A 3.060 
B -0.141 




Data were measured from the composite x-ray tracings of 
the Bolton study and then corrected for magnification using 
the correction factors given in Broadbent, et al., 1975. Two 
lines were fitted to the data of this measurement: one for the 
deciduous teeth and one for the permanent teeth. No data 
points are present before age one. 
I 1 1 1 1 
5 1 0  15 20 
AGE (YEARS) 
Figure 2.15 Horizontal distance between the tips of the 
upper and lower incisors (HORINC). 
T a b l e  2.9 HYGLOT 
D e f i n i t i o n  o f  measu remen t :  D i s t a n c e  f rom lower b o r d e r  o f  h y o i d  
bone  t o  t h e  g l o t t i s  m e a s u r e d  a l o n g  t h e  d o r s a l  s u r f a c e  of 
t h e  e p i g l o t t i s .  
S o u r c e  o f  d a t a :  
X male I 
0 f e m a l e  ) Gedgoud,  1900  
x s e x e s  combined  1 
E q u a t i o n s  u s e d :  
male : HYGLOT = A + BeCt + ~e~~ 
f e m a l e :  HYGLOT = A + ~t - eC + Dt 
P a r a m e t e r s  u s e d :  L o c a t i o n  o f  Measurement :  
male 





f e m a l e  
1 1 . 1 4 3  
0.298 
1 .400  
-1.235 
Comments : 
Gedgoud made h i s  m e a s u r e m e n t s  on  u n p r e s e r v e d  c a d a v e r s .  
H i s  d a t a  a re  t h e r e f o r e  s l i g h t l y  more r e l i a b l e  t h a n  d a t a  t a k e n  
f rom p r e s e r v e d  c a d a v e r s .  However,  t h e  number o f  s u b j e c t s  
s t u d i e d  was s m a l l ,  r a n g i n g  f rom 2  s u b j e c t s  a t  a g e  7  t o  1 3  
s u b j e c t s  a t  a g e  3 .  D a t a  were n o t  s e p a r a t e d  by s e x  u n t i l  a f t e r  
a g e  1 6 ,  and  many s u b j e c t s  showed s i g n s  o f  m a l n o u r i s h m e n t .  
T h e r e f o r e ,  t h e s e  d a t a  a re  n o t  n e a r l y  as r e l i a b l e  a s  t h o s e  
c o l l e c t e d  f rom x - r a y s .  A l s o ,  t h e r e  a r e  n o t  enough  d a t a  p o i n t s  
t o  d e f i n e  t h e  a d o l e s c e n t  g r o w t h  s p u r t .  The p o i n t  a t  a g e  1 6  was 
n o t  i n c l u d e d  i n  t h e  f e m a l e  c u r v e  f i t .  
AGE (YEARS) 
Figure 2.16 Distance from the hyoid bone to the glottis 
(HYGLOT) . 
T a b l e  2.10 LENVC 
D e f i n i t i o n  o f  measu remen t :  L e n g t h  o f  t h e  v o c a l  c o r d s .  
S o u r c e  o f  d a t a :  
x male 
Gedgoud,  1900  
0 f e m a l e  
m male I Negus ,  1 9 2 9  A f e m a l e  
r male I Kahane ,  1 9 7 5  + f e m a l e  
E q u a t i o n s  u s e d  : 
male: LENVC = A + D 2 2 
l + e  B - C t  l + e  E - F t  
f e m a l e :  LENVC = A + B t  - eC + Dt 
P a r a m e t e r s  u s e d :  L o c a t i o n  o f  Measurement :  





13 .003  
0 .939 
f e m a l e  
5 .997  
0 .390 
0 .804  
-2 .435  
I I Comments : 
The d a t a  f r om Gedgoud h a v e  t h e  p r o b l e m s  a s s o c i a t e d  w i t h  
HYGLOT, e x c e p t  t h a t  a l l  d a t a  f o r  LENVC w e r e  s e p a r a t e d  by s e x .  
The d a t a  o f  Kahane come f r o m  b e t t e r  c a d a v e r  s p e c i m e n s  t h a n  t h e  
o n e s  u s e d  by Gedgoud. The  q u a l i t y  o f  t h e  c a d a v e r s  u s e d  by 
Negus is n o t  known. The l e n g t h  o f  t h e  v o c a l  c o r d s  is n o t  
n e c e s s a r i l y  t h e  b e s t  i n d i c a t o r  o f  l a r y n x - t u b e  d i a m e t e r  and  










Figu re  2.17 Length of t h e  vocal cords (LEN17C). 
/ 
0 




Table 2.11 LIPS 
Definition of measurement: Horizontal thickness of soft tissue 
covering the anterior edge of the maxilla at the 
indentation below the anterior nasal spine. 




Equation used: LIPS = A + ~e~~ 
f 










Reliable x-ray data, but not enough data points are 
present to adequately represent growth spurts. The model uses 




Figure 2.18 Thickness of the soft tissue covering the maxilla 
just below the anterior nasal spine, used by the model as an 
estimate of twice the horizontal thickness of the lips (LIPS). 
Table 2.12 PALFH 
Definition of measurement: Vertical distance from the palatal 
line to the Frankfort horizontal measured perpendicular 
to the palatal line, with the line of the measurement 
passing through articulare. 
Source of data: 
X sexes combined - Broadbent, et al., 1975 
Equation used: PALFH = A + D 2 2 
l + e  B - C t  l + e  E - F t  
Parameters used: Location of Measurement: 
Comments: 
Data were measured from the composite x-ray tracings of 
ths Bolton study and then corrected for magnification using 
the correction factors given in Broadbent, et al., 1975. PALFH 
gives an estimate of the vertical location of the jaw fulcrum. 
AGE <YEARS> 
Figure 2.19 Distance from the palatal line to the Frankfort 
horizontal (PALFH) . 
T a b l e  2.13 PALHIT 
D e f i n i t i o n  o f  measurement:  H e i g h t  o f  t h e  p a l a t e  from t h e  
m a r g i n  between t h e  t e e t h  and t h e  gums t o  t h e  h i g h e s t  
p o i n t  on t h e  a r c h  o f  t h e  h a r d  p a l a t e ,  measured  normal  t o  
t h e  o c c l u s a l  p l a n e .  
S o u r c e  o f  d a t a :  
s e x e s  combined - P e y t o n ,  1 9 3 1  
s e x e s  combined - Brawley  and Sedwick ,  1939 
0 f e m a l e s  - K n o t t . a n d  J o h n s o n ,  1970 
A f e m a l e s  - Johnson  and  Baghdady, 1969 
E q u a t i o n  used:  PALHIT = A + ~e~~ 





Data  measured  from d e n t a l  c a s t s  o f  t h e  p a l a t e .  The d a t a  
o f  Pey ton  f o r  i n f a n t s  were measured  from t h e  h i g h e s t  p o i n t  on 
t h e  p a l a t a l  a r c h  t o  a  r u l e r  p l a c e d  a c r o s s  t h e  gums. The f e m a l e  
d a t a  of  K n o t t  and J o h n s o n ,  and J o h n s o n  and  Baghdady were 
i n c l u d e d  i n  o r d e r  t o  b a l a n c e  t h e  d a t a  o f  Brawley  and  Sedwick ,  
which were d e r i v e d  from a  p o o l  o f  s u b j e c t s  t h a t  was 8 0 %  male .  
The h e i g h t  of  t h e  p a l a t e  shows a  l a r g e  amount o f  v a r i a b i l i t y  
among s u b j e c t s  . 
1 1 1 1 1 
5 10 1 5  20 
AGE <YEARS> 
Figure 2.20 Height of the palate (PALHIT). 
Table 2.14 PALINC 
Definition of measurement: Vertical distance from the tip of 
the upper incisor to the palatal line, measured 
perpendicular to the palatal line. 
Source of data: 
X sexes combined - Broadbent, et al., 1975 
Equation used: PALINC = A + ~e~~ 
Parameters used: Location of Measurement: 
Comments: 
Data were measured from the composite x-ray tracings of 
the Bolton study and then corrected for magnification using 
the correction factors given in Broadbent, et al., 1975. No 
data points are present below age 1, so the curve for that age 
range is an extrapolation from the other data points. Because 
of the absence of teeth, the model subtracts 5 mm from PALINC 
for ages less than 9 months before incorporating this 
measurement into the vocal-tract outline. 
5 1 0  15 
AGE (YEARS) 
Figure 2.21 Distance from the palatal line to the tip of 
the upper incisor (PALING). 
Table 2-15 PALWI 
Definition of measurement: Width of the palate measured 
between the lingual surfaces of the molars. 
Sources of data: 
male I Peyton, 1931 e female 
x male I Goldstein and Stanton, 1935 O female 
r male 
Redman, et al., 1966 
A female 
Equation used: PALWI = A + ~e~~ 
Parameters used: Location of Measurement: 
male female 
Comments : 
Data measured from dental casts of the palate. The data 
of Redman were measured between the lingual surfaces of the 
first permanent molars. The data of 'Goldstein and Stanton 
were measured between the centers of the following teeth: 
first permanent molars for ages 6 to 11, second deciduous 
molars for ages 2 to 5, and first deciduous molars for age 1. 
The data of Peyton were measured between the centers of the 
gums. To make these measurements compatible, the following 
values -- representing the width of the tooth in question 
(Brescia, 1961; Sicher, 1965) -- were subtracted from the 
measurement value of the corresponding age: 11.7 mm for ages 










Figure 2.22 Width of the palate (PALWI). 
Table 2.16 SNHY 
Definition of measurement: Distance from the sella-nasion line 
to the midpoint of the vertical dimension of the hyoid 
bone measured perpendicular to the Frankfort horizontal. 
Source of data: 
x male t King, 1952 o female 
3k male - Bench, 1963 
Equation used: SNHY = A + D 2 
l + e  B - C t  l + e  E - ~~t 
















Reliable x-ray data, except for point derived from Bench. 
Bench measured the distance from the Frankfort horizontal to 
the middle of the hyoid and from the Frankfort horizontal to 
the posterior nasal spine. The final data point for adult 
males, graphed in Figure 2.23, was obtained by subtracting the 
latter measurement from the former and adding the adult-male 
value of SNPNS. However, it is possible that the value of 
this derived data point is about 4 mm too large. The 
difference between the 2 measurements of Bench at ages 3, 7, 
and 12 appears to be about 4 mm larger than the same distance 
obtained by subtracting SNPNS from SNHY, as measured by King. 
Unfortunately, the derived data point cannot be discarded 
because King's data only extend to age 16 and do not 







Figure 2.23 Distance from the sella-nasion line to the 
hyoid bone (SNHY) . 
Table 2.17 SNPNS 
Definition of measurement: Distance from the sella-nasion line 
to the posterior nasal spine measured perpendicular to 
the Frankfort horizontal. 
Source of data: 
x male I King, 1952 0 female 
m male - Broadbent, et al., 1975 
Equation used: SNPNS = A + D 2 2 
l + e  B - C t  E - F t  
















Reliable x-ray data'. As with SNHY, an additional male 
data point was needed after age 16 in order to adequately 
predict the adult-male value. This data point was derived 
from several measurements given by Broadbent, et al. for age 
18 and was corrected for x-ray magnification. 
I 
Figure 2.24 Distance from the sella-nasion line to the 
posterior nasal spine (SNPNS) . 
Table 2.18 SYMPH 
Definition of measurement: Height of the mandibular symphysis 
as measured from the highest and most prominent point on 
the lower alveolar arch to the lowest point on the 
symphys is. 
Source of data: 
X male - Gilda, 1974 
Equation used: SYMPH = A + D 2 2 
l + e  B - C t  1 + e  E - F t  
Parameters used: Location of Measurement: 
Comments : 
Reliable x-ray data, but represents only one subject. 
However, since this measurement is not crucial to the 
functioning of the model, no further data are needed. 
AGE (YEARS) 
,Figure 2.25 Height of the mandibular symphysis (SYMPH) . 
Table 2.19 THIHY 
Definition of measurement: Distance from lower border of hyoid 
bone to the glottis measured along the dorsal surface of 
the epiglottis. 
Source of data: 
X sexes combined 
Gedgoud, 1900 
z male 
Equation used: THIHY = A + Bt 
Parameters used: 
Comments : 
Location of Measurement: 
Although this measurement was derived from the same 
cadaver data as HYGLOT, its unreliability is not as much of a 
problem because of its relatively minor role in the 
vocal-tract model. 
1 1 1 1 1 
5 1 0  15 20 
AGE (YEARS) 
Figure 2.26 Vertical thickness of the body of the hyoid 
bone (THIHY) . 
Table 2.20 VERINC 
Definition of measurement: Vertical distance from tip of upper 
incisor to tip of lower incisor measured perpendicular to 
the palatal line. 
Source of data: 
X sexes combined - Broadbent, et al., 1975 
Equation used: VERINC = A + Bt 
Parameters used: Location of Measurement: 
age < 9 months 
A -5.000 
B 0.000 
9 months < age < 1.5 years 
A 0.000. 
B 0.000 
age < 7.0 years 
A 3.226 
B -0.206 
age > 7.0 years 
Comments: 
Data were measured from the composite x-ray tracings of 
the Bolton study and then corrected for magnification using 
the correction factors given in Broadbent, et al., 1975. The 
tracing at age 1 showed an incisor that was not fully erupted. 
Since the model specifies the position of the lips relative to 
a fully erupted incisor for ages greater than 9 months, the 
measurement at age 1 was increased to be consistent with a 
fully erupted tooth by comparing the tracing at age 1 to the 
tracing at age 2. The value of VERINC at birth was assumed to 
be 5 mrn less than the corrected value at age 1. 
1 1 1 I 1 I 
5 10 15 2EJ 
AGE <YEARS> 
Figure 2.27 Vertical distance between the tips of the upper 
and lower incisors (VERINC) . 
CHAPTER 3  
MIDSAGITTAL OUTLINE OF THE VOCAL TRACT 
3.1 I n t r o d u c t i o n  
----------------- 
A s  d i s c u s s e d  i n  s e c t i o n  1 . 2 ,  t h e  model chosen a s  most 
s u i t a b l e  f o r  a n  i n v e s t i g a t i o n  of t h e  e f f e c t s  o f  growth on 
speech  is of t h e  t y p e  deve loped  by Mermels te in  (1973) and 
Coker (1976) .  A s  i n  t h e  Mermels te in  and Coker mode l s ,  t h e  
c h i l d  v o c a l - t r a c t  model h a s  a  s m a l l  number of . a r t i c u l a t o r y  
v a r i a b l e s ,  d e s c r i b e d  i n  s e c t i o n  3.2,  which s p e c i f y  t h e  
v o c a l - t r a c t  c o n f i g u r a t i o n  i n  t h e  m i d s a g i t t a l  p l a n e .  The 
m i d s a g i t t a l  o u t l i n e  is s u b s e q u e n t l y  c o n v e r t e d  t o  an  a r e a  
f u n c t i o n  from which formant  f r e q u e n c i e s  a r e  c a l c u l a t e d ,  a s  
w i l l  be e x p l a i n e d  i n  C h a p t e r s  4 and 5. The main d i f f e r e n c e  
between t h e  new model and p r e v i o u s  e f f o r t s  is t h a t  t h e  new 
model i n c o r p o r a t e s  age  p a r a m e t e r s  which s p e c i f y  t h e  r e s t i n g  
d imensions  of t h e  v o c a l  t r a c t  f o r  a  g i v e n  age  and s e x ,  a s  w i l l  
be d i s c u s s e d  i n  s e c t i o n  3.3. Throughout  t h i s  c h a p t e r ,  
a r t i c u l a t o r y  v a r i a b l e s  w i l l  be d e s i g n a t e d  by s u b s c r i p t e d  
symbols ,  whereas  age  p a r a m e t e r s  c o r r e s p o n d i n g  t o  t h e  t a b l e s  o f  
Chapter  2  w i l l  be r e p r e s e n t e d  by acronyms. 
3.2 D e s c r i p t i o n  o f  m o v a b l e - s t r u c t u r e  v a r i a b l e s  
............................................... 
F i g u r e  3 . 1  shows t h e  m i d s a g i t t a l  o u t l i n e  o f  t h e  model f o r  
t h e  c a s e  o f  an 8-year -o ld  g i r l  w i t h  t h e  mouth s l i g h t l y  open.  
The movable s t r u c t u r e s  a r e  c o n t r o l l e d  by 10  v a r i a b l e s  w i t h  a  
t o t a l  o f  14 d e g r e e s  o f  f reedom. S i x  o f  t h e s e  v a r i a b l e s  a r e  
t h e  same a s  v a r i a b l e s  used  by M e r m e l s t e i n  ( 1 9 7 3 ) - i n  h i s  model:  
t h e  jaw, t h e  l i p s ,  t h e  t o n g u e  c e n t e r ,  t h e  t o n g u e - t i p  a n g l e ,  
t h e  t o n g u e  r o o t ,  and t h e  h y o i d .  Four new v a r i a b l e s  have  been 
added:  t h e  t o n g u e - t i p  c u r v a t u r e ,  t h e  s p i n e ,  t h e  a r y t e n o i d s ,  
and t h e  jaw f u l c r u m .  T h e r e  is c u r r e n t l y  no v a r i a b l e  
c o n t r o l l i n g  t h e  velum. Only n o n - n a s a l i z e d  s o u n d s  a r e  b e i n g  
c o n s i d e r e d .  
Each v a r i a b l e  c a n  be  a d j u s t e d  by t h e  u s e r  o f  t h e  model by 
e i t h e r  r e a d i n g  i n  a  n u m e r i c a l  v a l u e  f o r  t h e  v a r i a b l e  o r  by 
p o i n t i n g  t o  a  l o c a t i o n  on t h e  s c r e e n  u s i n g  t h e  c r o s s  h a i r s  o f  
t h e  d i s p l a y  d e v i c e .  When t h e  l a t t e r  method is u s e d ,  i f  a  
v a r i a b l e  h a s  2 d e g r e e s  o f  f reedom,  t h e  new l o c a t i o n  o f  t h e  
v a r i a b l e  is s i m p l y  t h e  p o s i t i o n  o f  t h e  c r o s s  h a i r s .  The 
v a r i a b l e s  t o n g u e - t i p  a n g l e  and t o n g u e - t i p  c u r v a t u r e ,  e a c h  
hav ing  o n l y  one d e g r e e  o f  f reedom,  a r e  s e t  s i m u l t a n e o u s l y  w i t h  
one p o s i t i o n i n g  o f  t h e  c r o s s  h a i r s .  S t r a t e g i e s  f o r  p o s i t i o n i n g  
o f  t h e  o t h e r  v a r i a b l e s  w i t h  o n l y  one  d e g r e e  o f  f reedom a r e  





Figure 3.1 Vocal-tract outline of an'8-year-old girl showing 
the variables that control the movable parts of the model. 
Solid dots and plusses indicate the points on the figure 
that move toward the display crosshairs when variables are 
adjusted graphically. 
Most v a r i a b l e s  c o n s i s t  o f  two p a r t s :  a  r e s t i n g  v a l u e  
i n d i c a t e d  by a  s u b s c r i p t  o f  0 ,  and an o f f s e t .  These  two p a r t s  
a r e  added  t o g e t h e r  t o  g i v e  t h e  t o t a l  v a l u e  o f  t h e  v a r i a b l e ,  
i n d i c a t e d  by a  s u b s c r i p t  o f  T. For example ,  i f  jT is t h e  
p o l a r - c o o r d i n a t e  a n g l e  o f  t h e  jaw, t h e n  
where e j O  i s  t h e  r e s t i n g  v a l u e  o f  t h e  a n g l e  o f  t h e  jaw and 1 
is an o f f s e t  from t h i s  r e s t i n g  v a l u e .  The d e t e r m i n a t i o n  o f  t h e  
r e s t i n g  v a l u e s  o f  v a r i a b l e s  w i l l  be  d i s c u s s e d  i n  s e c t i o n  3 . 3 .  
The Jaw: The t i p  o f  t h e  lower  i n c i s o r  r o t a t e s  a b o u t  t h e  
--
f u l c r u m  a t  a  d i s t a n c e  t h a t  is f i x e d  f o r  a  g i v e n  a g e  and  s e x .  
When t h e  p o s i t i o n  o f  t h e  jaw is a d j u s t e d  g r a p h i c a l l y ,  t h e  
l o c a t i o n  o f  t h e  c r o s s h a i r s  is c o n v e r t e d  t o  p o l a r  c o o r d i n a t e s  
i n  a  p l a n e  h a v i n g  t h e  f u l c r u m  a s  t h e  o r i g i n ,  a s  shown i n  
F i g u r e  3 . 2 .  S i n c e  t h e  jaw h a s  o n l y  one d e g r e e  o f  f r eedom,  t h e  
r a d i u s  t h a t  h a s  been  computed is  s i m p l y  i g n o r e d .  The t o t a l  
a n g l e  of  t h e  jaw d e p e n d s  on a  r e s t i n g  v a l u e  and an o f f s e t ,  
s u c h  t h a t  
The Tongue C e n t e r :  The main body o f  t h e  t o n g u e  i s  r e p r e s e n t e d  
-
by a  c i r c l e  whose r a d i u s  is  f i x e d  f o r  a  g i v e n  a g e  and  s e x .  The 
c e n t e r  of  t h i s  c i r c l e  is g i v e n  i n  p o l a r  c o o r d i n a t e s  ( R t c r e t c )  
w i t h  t h e  f u l c r u m  a s  t h e  o r i g i n ,  a s  shown i n  F i g u r e  3 . 3 .  A s  i n  
t h e  Mermel s t e in  model ,  movement o f  t h e  j a w  c a u s e s  movement o f  
t h e  t o n g u e ,  s u c h  t h a t  8  T h e  j *  r a d i u s  RtcT 
c o n s i s t s  of t h e  o f f s e t  Rtc  and  a  r e s t i n g  v a l u e  R t c O .  
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Figure 3 . 2  D e f i n i t i o n  of t h e  angle of t h e  jaw. 
Figure  3 .3  D e f i n i t i o n  of  t h e  v a r i a b l e s  t h a t  c o n t r o l  t h e  
tongue. 
The Tongue-Tip C u r v a t u r e :  The t o n g u e  t i p  is r e p r e s e n t e d  by a  
-
c i r c u l a r  a r c  whose r a d i u s  o f  c u r v a t u r e  is d e t e r m i n e d  by TcT. 
TcT is t h e  maximum d i s t a n c e  between t h e  a r c  o f  t h e  t o n g u e  t i p  
and t h e  chord  c o n n e c t i n g  i t s  two e n d s .  The l e n g t h  o f  t h e  a r c  
i s  f i x e d  f o r  a  g i v e n  a g e  and s e x .  P o s i t i v e  v a l u e s  o f  Tc 
p r o d u c e  a  downward-curving t o n g u e  t i p  w h i l e  n e g a t i v e  v a l u e s  
c a u s e  t h e  t o n g u e  t i p  t o  c u r l  upwards.  TcT c o n s i s t s  o f  an  
o f f s e t  component Tc and  a r e s t i n g  v a l u e ~ T c 8 .  Tc i s  f a i , r l y  
c o n s t a n t  f o r  most  vowe l s  e x c e p t  f o r  /u/ and /o/. 
The T o n q u e - t i p  Angle:  The a r c  o f  t h e  t o n g u e  t i p  is c o n n e c t e d  
-
t o  t h e  a r c  o f  t h e  t o n g u e  c e n t e r  by means o f  a  s t r a i g h t  l i n e  
segment .  T h i s  l i n e  is t a n g e n t  t o  t h e  two a r c s  a t  t h e  p o i n t s  o f  
c o n t a c t .  e t t  i s  t h e  a n g l e  a t  which t h e  l i n e  segment  l e a v e s  
t h e  c i r c l e  of  t h e  t o n g u e  c e n t e r .  L i k e  t h e  a n g l e  o f  t h e  t o n g u e  
c e n t e r ,  t h e  t o n g u e - t i p  a n g l e  depends  on t h e  a n g l e  o f  t h e  jaw, 
s u c h  t h a t  e t t T  - 
- O t t  + O t t o  + 8 j e t t  and  Tc c a n  be s e t  
g r a p h i c a l l y  by p o i n t i n g  t o  t h e  new l o c a t i o n  o f  t h e  a n t e r i o r  
end o f  t h e  t o n g u e  t i p .  
The Tongue Root:  A p o i n t  h a l f w a y  a l o n g  a  s t r a i g h t  l i n e  from 
-
t h e  h y o i d  t o  t h e  t o n g u e  and t a n g e n t  t o  t h e  c i r c l e  i s  a l l o w e d  
t o  move fo rward  o r  backward ,  p e r p e n d i c u l a r  t o  t h e  l i n e .  The 
d i s t a n c e  o f  t h i s  p o i n t  from t h e  l i n e  is g i v e n  by t h e  o f f s e t  
T r ,  a s  shown i n  F i g u r e  3 . 3 .  The r e s t i n g  v a l u e  o f  t h e  t o n g u e  
r o o t  is z e r o .  When Tr  is a d j u s t e d  g r a p h i c a l l y ,  i t s  new v a l u e  
becomes t h e  d i s t a n c e  from t h e  c r o s s h a i r s  t o  t h e  l i n e  from 
h y o i d  t o  t h e  t o n g u e  c i r c l e .  A l l  o t h e r  i n f o r m a t i o n  a b o u t  t h e  
9 2  
l o c a t i o n  of t h e  c r o s s h a i r s  is d i s c a r d e d .  
The Hyoid: The p o i n t  H on t h e  p o s t e r i o r  s u r f a c e  of  t h e  tongue 
-
a t  t h e  l e v e l  of t h e  upper s u r f a c e  of  t h e  hyoid  bone can  be 
moved v e r t i c a l l y  (H,) t o  c o n t r o l  t h e  h e i g h t  of  t h e  l a r y n x ,  and 
h o r i z o n t a l l y  ( A h )  t o  c o n t r o l  t h e  a n g l e  of t h e  e p i g l o t t i s  and 
a n t e r i o r - p o s t e r i o r  d e p t h  of  t h e  lower pharynx.  A s  shown i n  
F i g u r e  3 .4 ,  t h e s e  two v a r i a b l e s  move i n  t h e  frame of  r e f e r e n c e  
o f  t h e  p o s t e r i o r  pharynx w a l l ,  such  t h a t  v e r t i c a l  movement is 
p a r a l l e l  t o  t h e  pharynx w a l l  and h o r i z o n t a l  movement is  
p e r p e n d i c u l a r  t o  i t .  The p o i n t s  L 1  th rough  L4 of t h e  l a r y n x  
move v e r t i c a l l y  w i t h  H b u t  n o t  h o r i z o n t a l l y .  The p o i n t  E on 
t h e  e p i g l o t t i s  moves v e r t i c a l l y  w i t h  H and a l s o  r e f l e c t s  h a l f  
o f  i ts  h o r i z o n t a l  movement, i n  accordance  w i t h  movements 
obse rved  on x-ray f i l m s .  For example,  i f  H moves 4 mm back,  E 
w i l l  move 2 mm back. However, p o i n t  H is p r e v e n t e d  from 
moving t o  t h e  l e f t  of  p o i n t  E .  R e s t i n g  v a l u e s  f o r  t h e  two 
d e g r e e s  of freedom of  t h e  hyoid a r e  bo th  z e r o .  
The Sp ine :  The a n g l e  of  t h e  s p i n e ,  0 , ,  r e l a t i v e  t o  t h e  ha rd  
-
p a l a t e  can be a d j u s t e d  by r o t a t i n g  p o i n t  L 1  a b o u t  p o i n t  P ,  a s  
shown i n  F i g u r e  3.5.  ( P o i n t  P is a  p o i n t  on t h e  model o u t l i n e  
t h a t  has  no s p e c i f i c  a n a t o m i c a l  c o r r e l a t e . )  Although t h e  
a n g l e  of t h e  s p i n e  does  n o t  g e n e r a l l y  v a r y  w i t h  a r t i c u l a t i o n ,  
i t  does  v a r y  w i t h  a  s p e a k e r ' s  g e n e r a l  p o s t u r e .  Being a b l e  t o  
a d j u s t  t h i s  a n g l e  f a c i l i t a t e s  t h e  comparison of  t h e  
model-generated o u t l i n e  w i t h  a  l a t e r a l  x-ray. The a n g l e  of  t h e  
s p i n e  c o n s i s t s  of a  r e s t i n g  v a l u e  and an  o f f s e t .  When t h i s  
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Figure 3 . 4  E f f e c t  of moving "hyoid" from l o c a t i o n  H t o  H*. 
Figure  3 . 5  E f f e c t  of changing t h e  ang le  of t h e  spine. 
v a r i a b l e  is a d j u s t e d  g r a p h i c a l l y ,  t h e  l o c a t i o n  o f  t h e  
c r o s s h a i r s  is c o n v e r t e d  t o  p o l a r  form,  w i t h  p o i n t  P a s  t h e  
o r i g i n .  eS t a k e s  on t h e  v a l u e  of t h e  p o l a r  a n g l e  and t h e  
r a d i u s  is ignored .  However, t h e  d i s t a n c e  between p o i n t  P and 
p o i n t  L 1  is n o t  c o n s t a n t .  During movement of t h e  s p i n e ,  t h e  
model t e n d s  t o  keep t h e  a n t e r o - i n f e r i o r  b o r d e r  o f  t h e  v o c a l  
t r a c t  a t  a  c o n s t a n t  l e n g t h .  T h e r e f o r e ,  moving p o i n t  L1 back 
t e n d s  t o  d e c r e a s e  t h e  d i s t a n c e  between p o i n t  P and p o i n t  L1 .  
T h i s  c h a r a c t e r i s t i c  of  t h e  model is based on l a t e r a l  x- rays  o f  
a  s u b j e c t  w i t h  h i s  head a t  t h r e e  d i f f e r e n t  o r i e n t a t i o n s  w i t h  
r e s p e c t  t o  h i s  neck (King,  1 9 5 2 ) .  I t  is n o t  c l e a r  whether  t h e  
v o c a l  t r a c t s  of a l l  p e o p l e  r e a c t  i n  t h e  same manner t o  changes  
i n  t h e  a n g l e  of  t h e  s p i n e ,  b u t  s o  f a r  no one h a s  i n v e s t i g a t e d  
t h i s  problem. 
The L i p s :  H o r i z o n t a l  p r o t r u s i o n ,  Lh and v e r t i c a l  s e p a r a t i o n ,  
-
L, o f  t h e  l i p s  can  be a d j u s t e d .  When l i p  p o s i t i o n  is a d j u s t e d  
g r a p h i c a l l y ,  t h e  a n t e r i o r  edge  of  t h e  upper l i p  moves t o  t h e  
l o c a t i o n  of t h e  c r o s s h a i r s .  I n  t h e  model ,  t h e  lower l i p  moves 
t o g e t h e r  w i t h  t h e  upper l i p  h o r i z o n t a l l y ,  b u t  moves i n  t h e  
o p p o s i t e  d i r e c t i o n  v e r t i c a l l y .  Both d e g r e e s  of  freedom o f  t h e  
l i p s  have a  r e s t i n g  componeht and an o f f s e t ,  such  t h a t  
L~~ = Lv + LvO and LhT = L~ + LhO.  F i g u r e  3.6 shows t h e  
d e f i n i t i o n  of LvT and LhT. 
The A r y t e n o i d s :  I n  a d u l t s ,  t h e  p o s t e r i o r  edge  of  t h e  
-
a r y t e n o i d s  is g e n e r a l l y  i n  c o n t a c t  w i t h  t h e  p o s t e r i o r  w a l l  of  
t h e  pharynx,  such t h a t  t h e  esophagus  is c l o s e d ,  e x c e p t  d u r i n g  
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Figure 3.6 Definition of the variables that control the 
lips, the fulcrum, and the arytenoids. 
swal lowing.  I n  t h e  newborn, t h e  p o s i t i o n  of  t h e  l a r y n x  is much 
l e s s  s t a b l e  t h a n  i n  t h e  a d u l t ,  'and t h e r e  is o f t e n  a  s i z a b l e  
gap between t h e  a r y t e n o i d s  and t h e  p o s t e r i o r  p h a r y n g e a l  w a l l  
(Ardran and Kemp, 1 9 6 8 ) .  The p o i n t  l a b e l e d  " a r y t e n o i d s "  i n  
F i g u r e  3 .1  is p e r m i t t e d  t o  move p e r p e n d i c u l a r  t o  t h e  back 
pharynx w a l l  i n  o r d e r  t o  s i m u l a t e  t h i s  e f f e c t ,  b u t  t h e r e  is no 
p r o v i s i o n  f o r  mode l l ing  t h e  r e s u l t i n g  s ide -b ranch  r e s o n a t o r .  
T h e r e f o r e ,  i n  t h i s  model t h e  o n l y  e f f e c t  of moving t h e  
a r y t e n o i d s  away from t h e  p o s t e r i o r  pharynx w a l l  is t o  i n c r e a s e  
t h e  a n t e r i o r - p o s t e r i o r  d e p t h  of t h e  pharynx.  The d i s t a n c e  
from t h e  a r y t e n o i d s  t o  t h e  l i n e  r e p r e s e n t i n g  t h e  back pharynx 
w a l l  s p e c i f i e s  t h e  v a r i a b l e  DaT, a s  shown i n  F i g u r e  3 .6 .  DaT 
c o n s i s t s  of a  r e s t i n g  v a l u e  DaO and an  o f f s e t  when t h i s  
v a r i a b l e  is a d j u s t e d  g r a p h i c a l l y ,  a l l  i n f o r m a t i o n  e x c e p t  f o r  
t h e  d i s t a n c e  from t h e  c r o s s h a i r s  t o  t h e  pharynx w a l l  is 
d i s c a r d e d .  Changing t h e  v a l u e  of  Da moves t h e  e n t i r e  l a r y n x  
forward  o r  backward. 
The Fulcrum: I n  normal a d u l t  s p e e c h ,  t h e  jaw r o t a t e s  a b o u t  a  
-
p o i n t  which,  t o  a  f i r s t  a p p r o x i m a t i o n ,  is f i x e d .  I t  h a s  been 
p o s t u l a t e d  t h a t  sudden i n f a n t  d e a t h  syndrome can be e x p l a i n e d  
by an  u n u s u a l l y  l a r g e  amount of  movement i n  t h e  l o c a t i o n  of  
t h e  jaw fu lc rum i n  c e r t a i n  i n f a n t s  (Tonkin ,  1975; Golub, 
1 9 8 0 ) .  I n  o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t s  of  t h i s  movement on 
c r y  sounds ,  t h e  fu lc rum was g i v e n  two d e g r e e s  of  freedom: 
v e r t i c a l  (Fv) and h o r i z o n t a l  ( F h ) .  Moving t h e  fu lc rum a l s o  
a f f e c t s  t h e  p o s i t i o n  of  t h e  tongue  and jaw. The two d e g r e e s  
of  freedom of t h e  fu l c rum,  shown i n  F i g u r e  3.6,  a r e  both  
s p e c i f i e d  by a  r e s t i n g  v a l u e  and an o f f s e t .  
3.3 Fixed s t r u c t u r e s  and r e s t i n g  v a l u e s  of  movable s t r u c t u r e s  
.............................................................. 
3.3 .1  Rest P o s i t i o n  
.................... 
F i g u r e  3,7 shows t h e  m i d s a g i t t a l  o u t l i n e  o f  t h e  model f o r  
t h e  v o c a l  t r a c t  of an 8-year-old female  i n  r e s t  p o s i t i o n  w i th  
t h e  l i p s  t o g e t h e r ,  t h e  t i p s  of t h e  i n c i s o r s  a lmos t  t ouch ing ,  
and t h e  p a l a t a l  l i n e  h o r i z o n t a l  on t h e  page.  S i n c e  most of 
t h e  d a t a  on growth t h a t  was c o l l e c t e d  from t h e  medica l  
l i t e r a t u r e  came from l a t e r a l  x-rays of s u b j e c t s  w i th  t h e i r  
v o c a l  t r a c t s  i n  t h i s  p o s i t i o n ,  it was dec ided  t h a t  t h e  model 
shou ld  be c o n s t r u c t e d  t h e  same way. I n  r e s t  p o s i t i o n ,  t h e  
o f f s e t  component of each  v a r i a b l e  is e q u a l  t o  z e ro .  Note t h a t  
a 
with  t h e  mouth c l o s e d ,  t h e  upper i n c i s o r  appea r s  t o  p e n e t r a t e  
t h e  lower l i p .  The r ea son  f o r  t h i s  problem is t h a t  i n  r e s t  
p o s i t i o n ,  t h e  t i p  of t h e  lower i n c i s o r s  is s l i g h t l y  above and' 
behind t h e  t i p  of t h e  upper i n c i s o r s .  For s i m p l i c i t y ,  t h e  
model assumes t h a t  t h e  lower l i p  is i n  c o n t a c t  w i t h  t h e  lower 
i n c i s o r s ,  c aus ing  t h e  p e n e t r a t i o n  problem. But s i n c e  t h e  model 
is  n o t  expec ted  t o  g e n e r a t e  formant  f r e q u e n c i e s  i n  r e s t  
p o s i t i o n ,  it was dec ided  t h a t  no e l a b o r a t e  e f f o r t  would be 
made t o  c o r r e c t  t h i s  problem. Note a l s o  t h a t  t h e  p o s t e r i o r  
border  of t h e  pharynx i s  n o t  v e r t i c a l ,  a s  is  cus tomary i n  most 
p i c t u r e s  of t h e  v o c a l  t r a c t .  Th i s  d i s c r e p a n c y  is due t o  a  
s imp le  r o t a t i o n  of t h e  frame of r e f e r e n c e  t o  make t h e  p a l a t a l  
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Figure 3.7 Midsagittal outline for the vocal tract of an 
8-year-old girl showing the growth parameters that determine 
the oral-cavity length. 
l i n e  h o r i z o n t a l ,  and does  n o t  s i g n i f y  any i m p o r t a n t  d i f f e r e n c e  
i n  t h e  a n g l e  between t h e  pharynx c a v i t y  and t h e  o r a l  c a v i t y .  
3 . 3 . 2  S u p e r i o r  border  of t h e  o r a l  c a v i t y  
......................................... 
The s u p e r i o r  border  of  t h e  o r a l  c a v i t y  is r e p r e s e n t e d  by 
a  c i r c u l a r  a r c  f o r  t h e  s o f t  p a l a t e ,  a  s t r a i g h t l l i n e  and a  
c i r c u l a r  a r c  f o r  t h e  h a r d  p a l a t e ,  and a  s t r a i g h t  l i n e  from t h e  
a l v e o l a r  r i d g e  t o  t h e  t i p  of t h e  i n c i s o r s .  The two c i r c u l a r  
a r c s  a r e  t a n g e n t  t o  t h e  s t r a i g h t  l i n e  of  t h e  h a r d  p a l a t e .  The 
d imens ions  of t h e s e  segments  a r e  de te rmined  a s  f o l l o w s .  
The h o r i z o n t a l  d i s t a n c e  from t h e  t i p  of t h e  upper 
i n c i s o r s  t o  t h e  upper c o r n e r  of t h e  p o s t e r i o r  w a l l  of  t h e  
pharynx w i l l  be r e f e r r e d  t o  a s  t h e  o r a l - c a v i t y  le -ngth  ( s e e  
F i g u r e  3 . 7 ) .  The e s t i m a t e  used by t h e  model f o r  t h i s  d i s t a n c e  
is 
o r a l - c a v i t y  l e n g t h  = ANSPNS + ATLPTM - 5 
where ANSPNS is t h e  d i s t a n c e  from t h e  a n t e r i o r  n a s a l  s p i n e  t o  
t h e  p o s t e r i o r  n a s a l  s p i n e  ( T a b l e  2.5) and ATLPTM is t h e  
d i s t a n c e  from t h e  a n t e r i o r  t u b e r c l e  of  t h e  a t l a s  t o  t h e  
p t e r y g o m a x i l l a r y  f i s s u r e  ( T a b l e  2 .7 ) .  From t h e  d a t a  o f  
Handelman and Osborne (1976) on t h e  growth of  t h e  nasopharynx,  
i t  is a p p a r e n t  t h a t  t h e  p o s t e r i o r  n a s a l  s p i n e  is  a p p r o x i m a t e l y  
3 mrn a n t e r i o r  t o  t h e  p t e r y g o m a x i l l a r y  f i s s u r e  f o r  a l l  ages .  
Measurements on t h e  l a t e r a l  x-ray t r a c i n g s  of t h e  Bol ton  
s t a n d a r d s  (Broadben t ,  e t  a l . ,  1975) show t h a t  t h e  a n t e r i o r  
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n a s a l  s p i n e  is a b o u t  3 mm a n t e r i o r  t o  t h e  t i p  o f  t h e  upper 
i n c i s o r  f o r  a l l  a g e s ,  t h u s  c a n c e l l i n g  t h e  p r e v i o u s  e f f e c t .  
The a n t e r i o r  t u b e r c l e  o f  t h e  a t l a s  does  n o t  d e f i n e  t h e  
p o s t e r i o r  b o r d e r  of  t h e  o r a l  c a v i t y ,  s i n c e  it is covered  w i t h  
a  l a y e r  of f l e s h .  Ardran and Kemp (1968) have  o b s e r v e d  t h a t  
t h i s  l a y e r  of f l e s h  is c o n s i d e r a b l y  t h i c k e r  i n  newborns t h a n  
i n  a d u l t s .  However, e x a m i n a t i o n  -of  l a t e r a l  x- rays  r e v e a l s  t h a t  
t h i s  l a y e r  of f l e s h  o n l y  a p p e a r s  t h i c k e r  i n  newborns because  
of  t h e  c o m p a r a t i v e l y  s m a l l  s i z e  of  t h e  s u r r o u n d i n g  s t r u c t u r e s .  
Measurements of  t h e s e  x- rays  i n d i c a t e  t h a t  t h e  l a y e r  is  a b o u t  
5 mm t h i c k  i n  newborns a s  w e l l  a s  a d u l t s .  
The h o r i z o n t a l  d imension of  t h e  l i n e  r e p r e s e n t i n g  t h e  
t e e t h  and a l v e o l a r  r i d g e  is a r b i t r a r i l y  s e t  t o  ANSPNS/S based 
on i n f o r m a l  o b s e r v a t i o n s  of  s e v e r a l  l a t e r a l  x- rays .  The 
remain ing  l e n g t h  of t h e  o r a l  c a v i t y  is d i v i d e d  e q u a l l y  among 
t h e  2  a r c s  and t h e  l i n e  o f  t h e  h a r d  p a l a t e .  
The h e i g h t  of t h e  o r a l  c a v i t y  is s p e c i f i e d  by 
PALINC - 3 mm, a s  shown i n  F i g u r e  3 . 8 .  PALINC ( T a b l e  2.14)  i s  
t h e  d i s t a n c e  from t h e  t i p  of  t h e  upper i n c i s o r s  t o  t h e  p a l a t a l  
l i n e  a s  measured from t h e  x-ray t r a c i n g s  of  t h e  Bol ton  
s t a n d a r d s  (Broadben t ,  e t  a l . ,  1 9 7 5 ) .  S u b t r a c t i n g  3 mm 
a c c o u n t s  f o r  t h e  f l e s h  and bone between t h e  r o o f  o f  t h e  mouth 
and t h e  p a l a t a l  l i n e .  The model a r b i t r a r i l y  assumes t h a t  t h e  
v e r t i c a l  d i s t a n c e  from t h e  t i p  of t h e  i n c i s o r s  t o  t h e  a l v e o l a r  
r i d g e  is h a l f  t h e  h e i g h t  of  t h e  o r a l  c a v i t y .  The v e r t i c a l  
-8- ,  = -(ANGFHV + ANGFHJ - ANGPJ + 90') 
Figure  3 . 8  Determination of t h e  h e i g h t  of t h e  o r a l  c a v i t y  
and t h e  ang le  of t h e  p o s t e r i o r  pharynx wa l l  wi th  r e s p e c t  t o  
t h e  hard p a l a t e .  
d i s t a n c e  from t h e  a l v e o l a r  r i d g e  t o  t h e  h a r d  p a l a t e  c o m p r i s e s  
t h e  o t h e r  h a l f .  But  t h e  B o l t o n  s t a n d a r d s  c o v e r  t h e  a g e  r a n g e  
o f  1 t o  18  y e a r s ,  s o  t h e  e s t i m a t e  o f  o r a l - c a v i t y  h e i g h t  o f  t h e  
newborn e x t r a p o l a t e d  from t h e s e  d a t a  d o e s  n o t  t a k e  i n t o  
a c c o u n t  t h e  a b s e n c e  o f  t e e t h .  T h e r e f o r e ,  f o r  b a b i e s  less  t h a n  
n i n e  mon ths ,  t h e  model s t i l l  u s e s  PALINC/2 a s  t h e  d i s t a n c e  
from t h e  a l v e o l a r  r i d g e  t o  t h e  h a r d  p a l a t e ,  b u t  t h e  d i s t a n c e  
from t h e  a l v e o l a r  r i d g e  t o  t h e  lower  b o r d e r  o f  t h e  gum is 
s p e c i f i e d  by PALINC/2 - 5 mm, where 5 mm is t h e  h e i g h t  o f  t h e  
d e c i d u o u s  i n c i s o r s .  
3 .3 .3  Larynx and p o s t e r i o r  w a l l  o f  t h e  pha rynx  
............................................... 
The p o s t e r i o r  w a l l  o f  t h e  pha rynx  is  r e p r e s e n t e d  by a  
s t r a i g h t  l i n e  a t  an  a n g l e  eST w i t h  r e s p e c t  t o  t h e  l i n e  
r e p r e s e n t i n g  t h e  h a r d  p a l a t e ,  a s  shown i n  F i g u r e  3.8.  The 
r e s t i n g  v a l u e  of  t h i s  a n g l e  is  d e t e r m i n e d  a s  f o l l o w s .  King 
(1952)  measured t h e  a n g l e  o f  a  l i n e  t a n g e n t  t o  t h e  v e r t e b r a e  
r e l a t i v e  t o  t h e  F r a n k f o r t  h o r i z o n t a l  (ANGFHV, T a b l e  2 . 3 ) .  The 
a n g l e  o f  t h e  F r a n k f o r t  h o r i z o n t a l  t o  t h e  p a l a t a l  l i n e  c a n  be 
found by s u b t r a c t i n g  t h e  a n g l e  o f  t h e  p a l a t a l  l i n e  t o  t h e  jaw 
(ANGPJ, T a b l e  2 .4)  f rom t h e  a n g l e  o f  t h e  F r a n k f o r t  h o r i z o n t a l  
t o  t h e  jaw (ANGFHJ, T a b l e  2 . 2 ) .  T h e r e f o r e ,  t h e  model 
c a l c u l a t e s  esO from t h e  e q u a t i o n  
esfl  = - (ANGFHV + ANGFHJ - ANGPJ + 90') 
The l e n g t h  of t h e  l i n e  r e p r e s e n t i n g  t h e  p o s t e r i o r  pharynx w a l l  
is de te rmined  by t h e  p o s i t i o n  of  t h e  l a r y n x .  
The m o d e l ' s  r e p r e s e n t a t i o n  of  t h e  l a r y n x  c o n s i s t s  of  f o u r  
s t r a i g h t  l i n e  segments  whose e n d p o i n t s  a r e  f i r s t  de te rmined  i n  
a  frame of r e f e r e n c e  hav ing  t h e  v e r t i c a l  a x i s  p a r a l l e l  t o  t h e  
p o s t e r i o r  p h a r y n g e a l  w a l l ,  a s  shown i n  F i g u r e  3.9.  P o i n t  H is 
a  p o i n t  on t h e  d o r s a l  s u r f a c e  of  t h e  tongue a t  a p p r o x i m a t e l y  
t h e  same v e r t i c a l  l o c a t i o n  as t h e  upper margin  of  t h e  body of 
t h e  hyoid bone. An examina t ion  of  s e v e r a l  x- rays  showed t h a t  
t h e  h o r i z o n t a l  d i s t a n c e  from t h i s  p o i n t  t o  t h e  body of t h e  
hyoid  is a p p r o x i m a t e l y  e q u a l  t o  t h e  v e r t i c a l  t h i c k n e s s  of  t h e  
h y o i d ,  s p e c i f i e d  by T H I H Y  ( T a b l e  2 . 1 9 ) .  The r e s t i n g  d i s t a n c e  
between p o i n t  H and p o i n t  E on t h e  e p i g l o t t i s  is approximat t i ly  
e q u a l  t o  THIHY. 
Gedgoud (1900) r e p o r t e d  a  measurement of  t h e  h e i g h t  of  
t h e  upper v e s t i b u l e  of t h e  l a r y n x  from t h e  g l o t t i s  t o  t h e  
lower l e v e l  of t h e  hyoid  bone a l o n g  t h e  d o r s a l  s u r f a c e  of  t h e  
e p i g l o t t i s .  T h i s  measurement ,  s p e c i f i e d  by HYGLOT ( T a b l e  2 . 9 ) ,  
i s  used a s  t h e  d i s t a n c e  between p o i n t  E '  and p o i n t  L 4  a t  t h e  
a n t e r i o r  end of t h e  g l o t t i s .  The v e r t i c a l  d i s t a n c e  between E 
and E '  is T H I H Y .  
P i c t u r e s  of s a g i t t a l  s e c t i o n s  of  t h e  l a r y n x  (Negus, 
1 9 2 9 ) ,  models of t h e  l a r y n x ,  and l a t e r a l  x- rays  of  t h e  l a r y n x  
a t  r e s t  (Ardran  and Kemp, 1968)  a l l  show an e p i g l o t t i s  t h a t  is  
a p p r o x i m a t e l y  p a r a l l e l  t o  t h e  p o s t e r i o r  w a l l  o f  t h e  l a r y n x  
< 1 year 
age < 2 
> 2 years 
Figure 3.9 The dimensions of the larynx in rest position 
shown in a frame of reference whose vertical axis is parallel 
to the posterior wall of the pharynx. 
t u b e  and makes an a n g l e  of  a b o u t  65' w i t h  t h e  g l o t t i s .  A s  a  
r e s u l t ,  t h e  ' l a r y n x  t u b e  has  a b o u t  t h e  same a n t e r o - p o s t e r i o r  
wid th  a t  i t s  upper end a s  a t  its lower end. The model 
approx imates  t h i s  w i d t h ,  d e f i n e d  p e r p e n d i c u l a r  t o  t h e  
p o s t e r i o r  pharynx w a l l ,  by t h e  l e n g t h  o f  t h e  v o c a l  c o r d s  
(LENVC, T a b l e  2 , 1 0 ) .  However, l a t e r a l  x- rays  of  t h e  v o c a l  
t r a c t  d u r i n g  speech  show t h a t  t h e  d i a m e t e r  of  t h e  l a r y n x  t u b e  
a t  i ts  upper end is o f t e n  c o n s i d e r a b l y  narrower  t h a n  t h e  
l e n g t h  of t h e  v o c a l  c o r d s ,  p a r t i c u l a r l y  i n  a d u l t  men. Some.  o f  
t h i s  nar rowing can be s i m u l a t e d  by a d j u s t m e n t  o f  t h e  v a r i a b l e  
H h ,  b u t  t h e  t o t a l  e f f e c t  of  t h i s  a d j u s t m e n t  on t h e  wid th  of 
t h e  l a r y n x  t u b e  is  l i m i t e d  by t h e  f a c t  t h a t  t h e  model t r e a t s  
t h e  e p i g l o t t i s  a s  a  r i g i d . , l i h e ,  I f  t h e  shape  of  t h e  l a r y n x  
t u b e  were changed t o  more a c c u r a t e l y  r e f l e c t  t h e  narrower  
s u p e r i o r  end s e e n  i n  t h e  x- rays  of  a d u l t  men and i f  t h i s  same 
shape  is used f o r  t h e  e n t i r e  a g e  r a n g e  of  t h e  model ,  t h e n  t h e  
c o r r e s p o n d i n g  l a r y n x  t u b e  i n  newborn i n f a n t s  would have a  
c o m p l e t e l y  c l o s e d  upper end because  of  t h e  a l r e a d y  t i n y  lower 
end.  A p p a r e n t l y  t h e r e  is  a  g r e a t  need f o r  more i n f o r m a t i o n  
a b o u t  t h e  s i z e  and shape  of  t h e  l a r y n x  a t  a l l  a g e s .  
The l e n g t h  of t h e  p o s t e r i o r  border  of t h e  l a r y n x  t u b e  was 
a r b i t r a r i l y  chosen t o  be one t h i r d  t h e  l e n g t h  of  t h e  l i n e  
r e p r e s e n t i n g  t h e  e p i g l o t t i s .  Based on examina t ion  of  l a t e r a l  
x - rays ,  t h e  h o r i z o n t a l  d i s t a n c e  from t h e  upper edge  o f  t h e  
p o s t e r i o r  border  of t h e  l a r y n x  t u b e  t o  t o  t h e  r e a r  pharynx 
w a l l ,  D O ,  was s e t  a t  6 mm f o r  c h i l d r e n  under one y e a r  of  a g e ,  
4 mm f o r  c h i l d r e n  a g e s  1 t o  2 ,  and 2  mm f o r  a l l  o v e r  a g e  2  
y e a r s .  Aga in ,  more d a t a  a r e  needed  i n  t h i s  a r e a .  
A f t e r  t h e  p o s i t i o n s  o f  t h e  v a r i o u s  l i n e s  r e p r e s e n t i n g  t h e  
l a r y n x  have  been  d e t e r m i n e d ,  t h e  e n t i r e  s t r u c t u r e  is r o t a t e d  
i n t o  t h e  f r ame  o f  r e f e r e n c e  o f  t h e  h a r d  p a l a t e ,  as shown i n  
F i g u r e  3 .10 ,  and t h e n  t r a n s l a t e d  s u c h  t h a t  t h e  v e r t i c a l  
l o c a t i o n  o f  t h e  hyo id  bone confo rms  w i t h  measu remen t s  on t h e  
l o c a t i o n  o f  t h e  h y o i d .  King (1952)  measured  t h e  d i s t a n c e  from 
t h e  s e l l a - n a s i o n  l i n e  t o  t h e  m i d d l e  o f  t h e  h y o i d  p e r p e n d i c u l a r  
t o  t h e  F r a n k f o r t  h o r i z o n t a l  (SNHY, T a b l e  2 .16)  and f rom t h e  
s e l l a - n a s i o n  l i n e  t o  t h e  p a l a t a l  l i n e  (SNPNS, T a b l e  2 . 1 7 ) .  
A l though  t h e s e  two measurements  were  n o t  made a t  e x a c t l y  t h e  
same l o c a t i o n  on t h e  s e l l a - n a s i o n  l i n e ,  s u b t r a c t i n g  SNPNS from 
SNHY n e v e r t h e l e s s  g i v e s  a  r e a s o n a b l y  good a p p r o x i m a t i o n  t o  t h e  
d i s t a n c e  from t h e  p a l a t a l  l i n e  t o  t h e  m i d d l e  o f  t h e  h y o i d .  
A s  men t ioned  i n  s e c t i o n  3 . 2 ,  when t h e  o r i e n t a t i o n  o f  t h e  
l a r y n x  is changed by i n c r e a s i n g  o r  d e c r e a s i n g  t h e  a n g l e  o f  t h e  
s p i n e ,  B S ,  t h e  model t e n d s  t o  keep  t h e  a n t e r o - i n f e r i o r  b o r d e r  
o f  t h e  v o c a l  t r a c t  a t  a c o n s t a n t  l e n g t h .  S p e c i f i c a l l y ,  t h e  
l e n g t h  o f  l i n e  HT, shown i n  F i g u r e  3.10,  is k e p t  c o n s t a n t  by 
t h e  model when es is changed .  T h i s  l i n e  is  n o t  a  p a r t  o f  t h e  
v o c a l  t r a c t  o u t l i n e .  R a t h e r ,  it is  a  l i n e  c o n s t r u c t e d  p a r a l l e l  
t o  t h e  pha rynx  s u c h  t h a t  p o i n t  T  h a s  t h e  same v e r t i c a l  
l o c a t i o n  a t  p o i n t  P. T h i s  c o n s t r a i n t  on t h e  l e n g t h  o f  t h e  
pha rynx  d u r i n g  c h a n g e s  i n  8, may seem somewhat a r b i t r a r y ,  b u t  
i t  was a  c o n v e n i e n t  c h o i c e  g i v e n  t h e  m o d e l ' s  r e p r e s e n t a t i o n  of 
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Figure 3.10 Position of the larynx relative to the rest of 
the vocal tract. When the angle of the posterior pharynx 
wall with respect to the hard palate is changed, line HT 
maintains a constant length. 
t h e  l a r y n x  and seems t o  be c o n s i s t e n t  w i t h  t h e  l a t e r a l  x-rays 
p u b l i s h e d  by King (1952) . 
3.3.4 Tongue 
------------- 
A s  mentioned i n  s e c t i o n  3 .2 ,  t h e  model r e p r e s e n t s  t h e  
main body of  t h e  tongue  w i t h  a n a r c  of  a  c i r c l e ,  whose c e n t e r  
is s p e c i f i e d  by t h e  v a r i a b l e s  Rtc and o t c .  The r a d i u s  f o r  t h e  
t o n g u e .  c i r c l e  is s e l e c t e d  t o  be 20 mm when t h e  model is s e t  
f o r  an a d u l t  male ,  because  Mermels te in  (1973) o b t a i n e d  good 
r e s u l t s  w i t h  t h i s  v a l u e  i n  h i s  model. The r a d i u s  is s c a l e d  
down i n  s i z e  f o r  o t h e r  a g e s  i n  r e l a t i o n  t o  t h e  pharynx l e n g t h  
a s  d e f i n e d  by t h e  d i s t a n c e  from t h e  p a l a t a l  l i n e  t o  t h e  hyoid  
(SNHY - S N P N S ) .  For example,  t h e  pharynx of  a  3-year-old boy 
a b o u t  h a l f  a s  long  a s  t h e  pharynx of  an  a d u l t  man, s o  t h e  
model u s e s  a  10 mm r a d i u s  t o  r e p r e s e n t  t h e  tongue  c i r c l e  f o r  a  
3-year-old boy. The s c a l i n g  o f  t h e  tongue r a d i u s  is  somewhat 
a r b i t r a r y ,  b u t  no s t u d i e s  c u r r e n t l y  e x i s t  t h a t  would g i v e  more 
a c c u r a t e  e s t i m a t e s  of t h e  r a d i u s  of  c u r v a t u r e  of t h e  tongue a t  
v a r i o u s  a g e s .  
The b l a d e  of  t h e  tongue  is  r e p r e s e n t e d  by a c i r c u l a r  a r c  
a t t a c h e d  t o  t h e  s t r a i g h t  l i n e  segment BL which is  t a n g e n t  t o  
t h e  c i r c l e  r e p r e s e n t i n g  t h e  main body of t h e  tongue ,  a s  shown 
i n  F i g u r e  3.11. I n  r e s t  p o s i t i o n ,  t h e  chord  c o n n e c t i n g  t h e  two 
e n d s  of t h e  tongue-blade  a r c  is 40 mm long  f o r  a n  a d u l t  male.  
(Mermels te in  used a l e n g t h  of  34 mm f o r  a s i m i l a r  d i s t a n c e  i n  




p r e v i o u s l y ,  t h e  tongue r a d i u s  f o r  t h i s  boy i n  10 mm. The re fo r e  
t h e  l i n e  BL t a k e s  on a  v a l u e  of  5 mm. The same e f f e c t  cou ld  be 
ach ieved  by us ing  an e l l i p s e  t o  r e p r e s e n t  t h e  body of t h e  
tongue and s c a l i n g  t h e  major ax i s  i n  accordance  w i th  t h e  o r a l  
c a v i t y  and t h e  minor a x i s  i n  accordance  w i th  t h e  pharynx 
c a v i t y .  However, t h e  m i d l i n e  a l g o r i t h m  t o  be p r e s e n t e d  i n  
Chapter  4 does  n o t  a l l o w  . t h e  p r e sence  of  e l l i p s e s  i n  t h e  
o u t l i n e  of t h e  voca l  t r a c t .  
I n  r e s t  p o s i t i o n ,  t h e  r e s t i n g  components of  t h e  v a r i a b l e s  
c o n t r o l l i n g  t h e  c e n t e r  of t h e  tongue body and t h e  t ongue - t i p  
a n g l e  a r e  s e t  t o  v a l u e s  t h a t  p l a c e  t h e  t i p  o f  t h e  tongue i n  
c o n t a c t  wi th  t h e  t i p  of t h e  lower i n c i s o r s  and t h e  h i g h e s t  
p o i n t  of t h e  tongue body a d i s t a n c e  d from t h e  ha rd  p a l a t e ,  a s  
shown i n  F igu re  3.12. According t o  Ardran and Kemp ( 1 9 7 2 ) ,  
t h i s  d i s t a n c e  d is abou t  10 mm i n  t h e  ave r age  a d u l t  man. The 
model computes v a l u e s  o f  d  f o r  women and c h i l d r e n  by s c a l i n g  
t h e  10 mm d i s t a n c e  down i n  s i z e  i n  r e l a t i o n  t o  t h e  pharynx 
l e n g t h ,  y i e l d i n g  a  v a l u e  of d  e q u a l  t o  one-hal f  of t h e  tongue 
r a d i u s .  
A f t e r  a  r e s t i n g  p o s i t i o n  f o r  t h e  tongue ha s  been computed 
i n  t h e  manner d e s c r i b e d  above,  t h e  mod-el computes a  l e n g t h  f o r  
t h e  d o r s a l  s u r f a c e  of t h e  tongue from t h e  t i p  o f  t h e  tongue t o  
p o i n t  H o p p o s i t e  t h e  hyoid bone. When t h e  tongue i s  moved 
from rest p o s i t i o n  t o  some o t h e r  p o s i t i o n  a p p r o p r i a t e  f o r  t h e  
p r o d u c t i o n  of a  vowel,  t h e  model makes a  c rude  a t t e m p t  a t  
conse rv ing  tongue volume by p l a c i n g  t h e  fo l l owing  r e s t r i c t i o n  
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distance d = 10 mrn 
for adult men 
Figure 3.12 Distance d from the dorsal surface of the 
tongue to the hard palate and the location of the fulcrum 
of the jaw in rest position. 
on t h e  l e n g t h  of t h e  d o r s a l  s u r f a c e  o f  t h e  tongue .  I f  movement 
o f  t h e  a r t i c u l a t o r s  r e s u l t s  i n  a t o n g u e  l e n g t h  t h a t  is  less 
t h a n  t h e  o r i g i n a l  t o n g u e  l e n g t h ,  t h e n  h a l f  o f  t h e  d i f f e r e n c e  
i n  l e n g t h s  is added t o  t h e  l i n e  segment  BL. However, i f  t h e  
t o n g u e  l e n g t h  is i n c r e a s e d  by movement of t h e  a r t i c u l a t o r s ,  no 
change  is made i n  l i n e  BL b e c a u s e  o f  t h e  p o s s i b i l i t y  o f  
p r o d u c i n g  a  l i n e  w i t h  n e g a t i v e  l e n g t h  f o r  a d u l t  men. 
3.3.5 Jaw and l i p s  
The r e s t  p o s i t i o n  o f  t h e  t i p  o f  t h e  lower  i n c i s o r s  is 
d e t e r m i n e d  by measurements  from t h e  B o l t o n  s t a n d a r d s  
( B r o a d b e n t ,  e t  a l . ,  1975)  c o n c e r n i n g  t h e  p o s i t i o n  o f  t h e  lower  
i n c i s o r s  r e l a t i v e  t o  t h e  upper  i n c i s o r s .  HORINC ( T a b l e  2 .8)  
s p e c i f i e s  t h e  h o r i z o n t a l  d i s t a n c e  between t h e  t i p s  o f  t h e  
upper  and lower  i n c i s o r s ,  and VERINC ( T a b l e  2 .20)  s p e c i f i e s  
t h e  v e r t i c a l  d i s t a n c e .  
A s  ment ioned  i n  s e c t i o n  3 . 2 ,  t h e  t i p  o f  t h e  lower  i n c i s o r  
r o t a t e s  a b o u t  t h e  f u l c r u m  a t  a  f i x e d  d i s t a n c e .  An e s t i m a t e  o f  
t h i s  f i x e d  jaw r a d i u s  is d e t e r m i n e d  by o b t a i n i n g  a n  e s t i m a t e  
o f  t h e  l o c a t i o n  o f  t h e  s u p e r i o r  end o f  t h e  c o n d y l e  o f  t h e  jaw. 
T h i s  p o i n t  can  be r e l a t e d  ' t o  t h e  o t h e r  s t r u c t u r e s  r e p r e s e n t e d  
by  t h e  model w i t h  t h e  measurements  ARTPNS and PALFH. ARTPNS 
( T a b l e  2 .6 )  is t h e  h o r i z o n t a l  d i s t a n c e  from a r t i c u l a r e  on  t h e  
c o n d y l e  of  t h e  jaw t o  t h e  p o s t e r i o r  n a s a l  s p i n e .  PALFH 
( T a b l e  2 . 1 2 ) ,  t h e  v e r t i c a l  d i s t a n c e  from t h e  p a l a t a l  l i n e  t o  
t h e  F r a n k f o r t  h o r i z o n t a l ,  is r e l e v a n t  b e c a u s e  t h e  s u p e r i o r  end 
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o f  t h e  condy le  is a p p r o x i m a t e l y  a t  t h e  l e v e l  of  t h e  F r a n k f o r t  
h o r i z o n t a l .  However, t h e  upper end of  t h e  c o n d y l e  is n o t  a  
good e s t i m a t e  of t h e  e f f e c t i v e  l o c a t i o n  of  t h e  fu lc rum of t h e  
jaw, s i n c e  t h e  jaw e x h i b i t s  some s l i d i n g  mot ion  a s  w e l l  a s  
r o t a t i o n .  Mermels te in  (1973) o b t a i n e d  r e s u l t s  c o n s i s t e n t  w i t h  
jaw movements obse rved  i n  a c i n e r a d i o g r a p h i c  f i l m  by p l a c i n g  
h i s  fu lc rum a t  a somewhat lower  l e v e l  t h a n  t h e  normal  l o c a t i o n  
of  t h e  mandibu la r  condy le .  R e s u l t 5  c o n s i s t e n t  w i t h  s e v e r a l  
l a t e r a l  x- rays  of d i f f e r e n t  vowel a r t i c u l a t i o n s  were o b t a i n e d  
i n  t h e  p r e s e n t  s t u d y  by p l a c i n g  t h e  r e s t i n g  l o c a t i o n  of  t h e  
fu lc rum a t  t h e  l e v e l  of p o i n t  P ,  a s  shown i n  F i g u r e  3.12. The 
d i s t a n c e  from t h e  fu lc rum t o  t h e  t i p  of t h e  lower i n c i s o r  is 
t h e  p r e v i o u s l y - c a l c u l a t e d  r a d i u s  of t h e  jaw. 
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When t h e  tongue  is  r e t r a c t e d  and bunched, a s  i n  t h e  
p r o d u c t i o n  of u ,  a  s p a c e  is c r e a t e d  behind t h e  ' lower 
i n c i s o r s  and w i t h i n  t h e  a r c h  o f  t h e  lower jaw. A s  w i t h  t h e  
d e s c r i p t i o n  t h e  l a r y n x ,  it is c o n v e n i e n t  t o  i n t r o d u c e  a  new 
frame of r e f e r e n c e  t o  a d d r e s s  t h i s  problem. A l l  h o r i z o n t a l  
d i s t a n c e s  t o  be d i s c u s s e d  w i l l  be p a r a l l e l  t o  t h e  l i n e  from 
t h e  fu lc rum t o  t h e  t i p  of t h e  lower i n c i s o r ,  w h i l e  a l l  
v e r t i c a l  d i s t a n c e s  w i l l  be p e r p e n d i c u l a r  t o  it. 
A s  shown i n  F i g u r e  3.13, t h e  lower o u t l i n e  of  t h i s  s p a c e  
is r e p r e s e n t e d  by up t o  3  s t r a i g h t  l i n e s .  T h e v e r t i c a l  
d i s t a n c e  between p o i n t  J1 and p o i n t  I a t  t h e  t i p  of  t h e  lower 
i n c i s o r  is 5 mm f o r  i n d i v i d u a l s  over  age  7 ,  3 mm f o r  c h i l d r e n  
between 9 months and 7  y e a r s ,  and z e r o  f o r  c h i l d r e n  under 9 
1 1 6  
12 1/2 THICKNESS OF JAW 
0 age < 9 months 
height of teeth = 3 mm 9 months < age < 7 years 
5 mm age > 7 years 
Figure 3.13 Specification of the dimensions of the jaw. 
months ( S i c h e r ,  1 9 6 5 ) .  The h o r i z o n t a l  d i s t a n c e  between t h e s e  
two p o i n t s  is g i v e n  by an e s t i m a t e  of  h a l f  t h e  
a n t e r o - p o s t e r  i o r  t h i c k n e s s  of  t h e  upper end of  t h e  mandibular  
symphysis ,  a s  s p e c i f i e d  by 
t h i c k n e s s / 2  = 1.69 mrn + . I 3 4  a g e  
T h i s  e q u a t i o n  was o b t a i n e d  by f i n d i n g  t h e  l i n e  c o r r e s p o n d i n g  
t o  a  t h i c k n e s s  of 6  mm a t  age  21 y e a r s  and 3 .5  mm a t  age  7 
y e a r s  and d i v i d i n g  by two. The v a l u e s  of t h i c k n e s s  a r e  t h e  
a n t e r o - p o s t e r i o r  d i a m e t e r s  of t h e  lower i n c i s o r s  a t  t h e  margin 
o f  t h e  gum f o r  permanent  and d e c i d u o u s  t e e t h  ( S i c h e r ,  1965) . 
The l i n e  from J1 t o  52  is p e r p e n d i c u l a r  t o  t h e  l i n e  from 
t h e  fu lc rum t o  p o i n t  I. I ts  l e n g t h  is  a r b i t r a r i l y  g i v e n  by 
SYMPH/3, where SYMPH ( T a b l e  2.18) is t h e  h e i g h t  of t h e  
mandibular  symphysis .  Line  52-53 i s  p a r a l l e l  t o  t h e  l i n e  from 
t h e  fu lc rum t o  p o i n t  I. I t s  l e n g t h  is de te rmined  by t h e  
l o c a t i o n  of t h e  tongue t i p  a t  p o i n t  TT. The l i n e  from TT t o  5 3  
i s  n o t  i n  t h e  frame of  r e f e r e n c e  of  t h e  jaw. R a t h e r ,  t h i s  l i n e  
is  p e r p e n d i c u l a r  t o  t h e  n a s a l  l i n e .  
The l i p s  a r e  r e p r e s e n t e d  by two h o r i z o n t a l  l i n e s ,  t h e  
a n t e r i o r  end of t h e  lower l i p  be ing  3  mm p o s t e r i o r  t o  t h e  end 
o f  t h e  upper l i p .  The r e s t i n g  l e n g t h  of t h e  l i n e  r e p r e s e n t i n g  
t h e  upper l i p  is a r b i t r a r i l y  s e t  a t  LIPS/2. LIPS ( T a b l e  2.11) 
is a c t u a l l y  a  measurement of t h e  t h i c k n e s s  of t h e  s o f t  t i s s u e  
c o v e r i n g  t h e  i n d e n t a t i o n  i n  t h e  bone j u s t  below t h e  a n t e r i o r  
n a s a l  s p i n e .  Examinat ion of  t h e  x-ray t r a c i n g s  of t h e  Bol ton  
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s t u d y  (Broadben t ,  e t  a l . ,  1975) showed t h a t  t h e  r e s t i n g  l e n g t h .  
of  t h e  l i p s  is app rox ima te ly  h a l f  t h e  t h i c k n e s s  of t h i s  
t i s s u e .  
3 . 4  S c a l i n g  of movab l e - s t r uc tu r e  v a r i a b l e s  
When changing t h e  model from one age  and s e x  t o  a n o t h e r ,  
t h e  r e s t i n g  d imensions  of th'e v o c a l - t r a c t  o u t l i n e  a r e  
a u t o m a t i c a l l y  r e s e t .  However, t h e  v a r i a b l e s  c o n t r o l l i n g  t h e  
movable s t r u c t u r e s  m u s t  a l s o  somehow be changed t o  be 
compa t ib l e  w i th  t h e  new s i z e  of t h e  v o c a l  t r a c t .  
To a  f i r s t  approx imat ion ,  a n g u l a r  v a r i a b l e s  remain 
unchanged from one v o c a l - t r a c t  s i z e  t o  a n o t h e r .  T h e r e f o r e ,  t h e  
model makes no a d j u s t m e n t s  i n  8  j ,  e t c ,  e t t ,  o r  es .  Of t h e  
remaining l i n e a r  v a r i a b l e s ,  L h ,  L,, and Ttc a r e  s c a l e d  i n  
r e l a t i o n  t o  t h e i r  r e s t i n g  v a l u e s .  For example,  i f  t h e  model is 
be ing  r e s e t  from age  2 0 ,  male ,  t o  age  7 ,  i i a l e ,  t h e  new v a l u e  
o f  Lh is g iven  by 
Tr and Hh a r e  s c a l e d  i n  r e l a t i o n  t o  t h e  l e n g t h  of t h e  voca l  
c o r d s ,  LENVC, because  t h i s  measurement is impor t an t  i n  
de t e rmin ing  t h e  h o r i z o n t a l  dimension of t h e  pharynx.  Hv is 
s c a l e d  r e l a t i v e  t o  t h e  change i n  t h e  pharynx l e n g t h .  Tc i s  
s c a l e d  such t h a t  t h e  a n g l e  subtended by t h e  chord  of  t h e  
tongue b l a d e  remains  t h e  same f o r  t h e  two v o c a l  t r a c t s  i n  
q u e s t i o n .  
CHAPTER 4 
MIDLINE ALGORITHM 
4 . 1  Reason f o r  f i n d i n g  a  m i d l i n e  
I n  t h e  f r e q u e n c y  r a n g e  of i n t e r e s t  f o r  s p e e c h ,  t h e  
wavelength  of  sound is l a r g e  compared w i t h  t h e  t r a n s v e r s e  
d imens ions  of t h e  v o c a l  t r a c t .  T h e r e f o r e ,  t o  a  f i r s t  
a p p r o x i m a t i o n ,  o n l y  p l a n e  waves w i l l  p r o p a g a t e  i n  t h e  v o c a l  
t r a c t .  The w a v e f r o n t s  of  t h e s e  p l a n e  waves a r e  normal t o  t h e i r  
d i r e c t i o n  t r a v e l  and t e n d  t o  form e q u a l  a n g l e s  w i t h  t h e  
w a l l s  of t h e  v o c a l  t r a c t .  I f  t h e  w a v e f r o n t s  i n  t h e  v o c a l  t r a c t  
. 
a r e  p a r a l l e l  t o  one a n o t h e r  and i f  t h e  c r o s s - s e c t i o n a l  a r e a  
does  n o t  change a b r u p t l y ,  t h e  v o c a l  t r a c t  can  be r e p r e s e n t e d  
a s  a  set  of s m a l l  c y l i n d e r s ,  each  having a  c e r t a i n  a c o u s t i c  
compl iance  and a c o u s t i c  mass. A c o n v e n i e n t  method of  
computing t h e  major  res-onances of  t h e  v o c a l  t r a c t  is t o  l e t  
e l e c t r i c a l  c u r r e n t  r e p r e s e n t  t h e  volume v e l o c i t y  and t o  l e t  
v o l t a g e  r e p r e s e n t  p r e s s u r e .  Each c y l i n d e r  t h e n  becomes a  
s e c t i o n  of a  t r a n s m i s s i o n  l i n e  hav ing  t h e  same l e n g t h ,  
c a p a c i t a n c e  and i n d u c t a n c e  a s  t h e  c y l i n d e r .  
U n f o r t u n a t e l y ,  t h e  two c o n d i t i o n s  g i v e n  above f o r  
r e p r e s e n t i n g  t h e  v o c a l  t r a c t  a s  a  t r a n s m i s s i o n  l i n e  a r e  n o t  
a lways  met.  S i n c e  t h e r e  is a  bend of a l m o s t  90' between t h e  
pharynx c a v i t y  and t h e  o r a l  c a v i t y ,  t h e  p r o p a g a t i n g  w a v e f r o n t s  
c a n n o t  be p a r a l l e l  t o  one a n o t h e r  a t  a l l  times. Because of  t h e  
bend,  t h e  l e n g t h  of  t h e  p o s t e r o - s u p e r i o r  border  o f  t h e  v o c a l  
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t r a c t  is longer  t han  t h e  a n t e r - i n f e r i o r  border .  The q u e s t i o n  
t h e n  a r i s e s  a s  t o  what t h e  e f f e c t i v e  l e n g t h  of  t h e  v o c a l  t r a c t  
i s  i n  t e rms  of  how long it takes a wavef ron t  t o  p ropaga t e  from 
t h e  g l o t t i s  t o  t h e  l i p s .  
A p a r t i a l  answer t o  t h e  l e n g t h  q u e s t i o n  can  be found i n  a  
s t u d y  by L i p p e r t  (1954) on wave p ropaga t i on  i n  t h e  v i c i n i t y  of 
a  s h a r p  r igh t -ang ' l e  bend i n  a r e c t a n g u l a r  d u c t  hav ing  a  width  
o f  10 cm. From h i s  measurements of t h e  phase  of t h e  waveform 
on e i t h e r  s i d e  of  t h e  bend, it is p o s s i b l e  t o  de t e rmine  t h e  
e f f e c t i v e  l e n g t h  of t h e  r i g h t  a n g l e  bend. For f r e q u e n c i e s  
below 1000 H z ,  t h e  a p p a r e n t  d i s t a n c e  between p l a n e  AB and 
p l a n e  AC of .Figure 4 . 1  is  abou t  6.25 cm. Between 1000 Hz and 
, 
2000 Hz, t h e  a p p a r e n t  d i s t a n c e  i n c r e a s e s  from 6.25 c m  t o  abou t  
9 .6  cm. S i n c e  t h e  l a r g e s t  c ross-dimension of t h e  v o c a l  t r a c t  
i s  abou t  5 cm, t h e s e  r e s u l t s  a r e  v a l i d  f o r  a  f requency  range  
of  abou t  0  t o  4000 Hz i n  t h e  v o c a l  t r a c t .  
I f  a  c i r c l e  of r a d i u s  5 c m  is p l aced  wi th  i t s  c e n t e r  on 
p o i n t  A ,  t h e  l e n g t h  of i ts  p e r i m e t e r  between p l a n e  AB and AC 
is 7.85 c m ,  which is comparable t o  t h e  a p p a r e n t  a c o u s t i c  
d i s t a n c e  between p l a n e  AB and AC. A l i n e  ha l fway  between t h e  
two w a l l s  of t h e  d u c t  from AB t o  AC is 10 c m  long.  T h e r e f o r e ,  
i f  two wavef ron t s  a r e  n o t  comp le t e ly  p a r a l l e l  because  of a  
bend i n  t h e  d u c t ,  t h e  e f f e c t i v e  d i s t a n c e  between them is 
s l i g h t l y  less  t han  t h e  l e n g t h  of a  l i n e  hal fway between t h e  









ARC OF CIRCLE 
CENTERED AT A / i ' O c m 1  
INCIDENT 
WAVE 
F i g u r e  4 . 1  Duct w i t h  r i g h t  a n g l e  bend, a s  s t u d i e d  by 
L i p p e r t  (1954) .  
F igu re  4 . 2  Rectangular  d u c t  w i th  a b r u p t  change i n  c r o s s -  
s e c t i o n a l  a r e a .  Duct has  uniform dep th  d i n  t h e  z d i r e c t i o n .  
The second  c o n d i t i o n  t h a t  is n o t  a lways  s a t i s f i e d  i n  t h e  
v o c a l  t r a c t  is t h e  c o n s t r a i n t  o f  a c r o s s - s e c t i o n a l  a r e a  t h a t  
c h a n g e s  s l o w l y  w i t h  respect t o  t h e  d i s t a n c e  a l o n g  t h e  v o c a l  
t r a c t .  If an a b r u p t  change  i n  area o c c u r s ,  t h e  a s s u m p t i o n  o f  
one -d imens iona l  wave p r o p a g a t i o n  is no l o n g e r  v a l i d .  The 
e f f e c t  o f  an  a b r u p t  change  i n  a r e a  t h a t  i s  symmetrical a b o u t  
t h e  m i d l i n e  of  t h e  d u c t  c a n  be c h a r a c t e r i z e d  by p l a c i n g  a n  
i n d u c t a n c e  i n  s e r i e s  a t  t h e  l o c a t i o n  o f  t h e  d i s c o n t i n u i t y  i n  
t h e  a n a l o g o u s  t r a n s m i s s i o n  l i n e .  The e f f e c t  o f  t h e  a b r u p t  
change  can  be c h a r a c t e r i z e d  by l e n g t h e n i n g  t h e  smaller t u b e  by 
an Le. For t h e  r e c t a n g u l a r  d u c t  o f  d e p t h  d shown i n  
F i g u r e  4 .2 ,  Le is s p e c i f i e d  by 
b ( a - b ) '  In- a+b 
a-b 
where a  is t h e  d i a m e t e r  o f  t h e  l a r g e r  p a r t  o f  t h e  d u c t  and b  
is t h e  d i a m e t e r  of t h e  s m a l l e r  p a r t  (Morse and I n g a r d ,  1968,  
, 
p .  4 8 8 ) .  For  a  t y p i c a l  d i s c o n t i n u i t y  a t  t h e  upper  e n d ' o f  t h e  
l a r y n x  t u b e ,  a i s  a b o u t  2  c m  w h i l e  b  is a b o u t  g i v i n g  
a n  i n c r e a s e  i n  e f f e c t i v e  l e n g t h  o f  a b o u t  0.17 em. 
Abrupt  c h a n g e s  i n  t h e  v o c a l  t r a c t  a r e  found a t  t h e  
j u n c t i o n  between t h e  l a r y n x  t u b e  and t h e  pha rynx  and sometimes 
i n  t h e  v i c i n i t y  of t h e  t o n g u e  t i p .  Al though t h e s e  c h a n g e s  a r e  
n o t  s y m m e t r i c a l  a b o u t  a, s t r a i g h t  m i d l i n e ,  t h e  e f f e c t i v e  l e n g t h  
o f  t h e  v o c a l  t r a c t  i n  t h e  v i c i n i t y  of a  s m a l l  s i d e  c a v i t y  is 
t h e  same a s  if t h e  change  i n  t h e  a r e a  had been  symmetri 'cal  
( L e s s e r  and L e w i s ,  1 9 7 2 ) .  
A s  s t a t e d  above ,  t h e  r e s o n a n t  f r e q u e n c i e s  o f  t h e  v o c a l  
t r a c t  c a n  be computed from an  a r e a  f u n c t i o n ,  d e f i n e d  a s  t h e  
c r o s s - s e c t i o n a l  a r e a  o f  t h e  v o c a l  t r a c t  a s  a  f u n c t i o n  o f  
d i s t a n c e  from t h e  g l o t t i s .  A c o n v e n i e n t  way o f  d e f i n i n g  
d i s t a n c e  from t h e  g l o t t i s  is t o  d e t e r m i n e  a  m i d l i n e  be tween 
t h e  a n t e r o - i n f e r i o r  o u t l i n e  and  t h e  p o s t e r o - s u p e r i o r  o u t l i n e  
and t h e n  measure  t h e  l e n g t h  of t h e  l i n e  from t h e  g l o t t i s  t o  
t h e  p o i n t  i n  q u e s t i o n .  S a g i t t a l  d i s t a n c e s  c a n  t h e n  be  
computed a t  r e g u l a r  i n t e r v a l s  . a l o n g  t h e  m i d l i n e ,  where 
s a g i t t a l  d i s t a n c e  is d e f i n e d  a s  t h e  d i s t a n c e  from t h e  
a n t e r o - i n f e r i o r  o u t l i n e  o f  t h e  v o c a l  t r a c t  t o  t h e  
p o s t e r o - s u p e r i o r  o u t l i n e  a t  a  s p e c i f i c  d i s t a n c e  from t h e  
g l o t t i s .  F i n a l l y ,  t h e  s a g i t t a l  d i s t a n c e s  a r e  c o n v e r t e d  t o  
c r o s s - s e c t i o n a l  a r e a s ,  a s  w i l l  be d i s c u s s e d  i n  C h a p t e r  5. 
4 . 2  P r e v i o u s  methods  o f  f i n d i n g  m i d l i n e s  
......................................... 
I n  t h e  p a s t ,  t h e  most  common method used  f o r  f i n d i n g  t h e  
m i d l i n e  h a s  been  t o  s u p e r i m p o s e  a  g r i d  s y s t e m  on t h e  
v o c a l - t r a c t  o u t l i n e ,  a s  shown i n  F i g u r e  4 . 3  ( M e r m e l s t e i n ,  
1973;  Heinz  and S t e v e n s ,  1964'; Lindblom and Sundberg ,  1 9 7 1 ) .  
S e v e r a l  v a r i a t i o n s  o f  t h i s  g r i d  have  been  d e v e l o p e d ,  b u t  a l l  
s t a r t  w i t h  p a r a l l e l  g r i d  l i n e s  i n  t h e  lower  pha rynx  r e g i o n  and  
t h e n  s h i f t  t o  a  p o l a r  s y s t e m  i n  t h e  upper  pharynx.  The g r i d  
shown i n  F i g u r e  4 . 3  is t h e  one  used  by M e r m e l s t e i n  ( 1 9 7 3 ) .  T h e  
m i d l i n e  is computed by c o n n e c t i n g  t h e  m i d p o i n t s  o f  t h e  l i n e  
Figure 4.3 The grid system of finding the midline, as used 
by Mermelstein (1973). 
segments  o f  t h e  g r i d  l y i n g  i n s i d e  t h e  v o c a l  t r a c t  o u t l i n e .  A 
major problem w i t h  t h i s  method is t h a t  s m a l l  s i d e  c a v i t i e s  i n  
t h e  v o c a l  t r a c t  produce  l a r g e  changes  i n  t h e  l o c a t i o n  o f  t h e  
m i d l i n e ,  t h e r e b y  making t h e  t o t a l  l e n g t h  o f  t h e  m i d l i n e  
somewhat g r e a t e r  t h a n  e x p e c t e d .  T h i s  e f f e c t  i s q s e e n  i n  t h e  
r e g i o n  j u s t  behind t h e  t e e t h  i n  t h e  v o c a l  t r a c t  o f  F i g u r e  4 . 3 .  
A p a r t i c u l a r l y  d i s t u r b i n g  a s p e c t  of  t h i s  e f f e c t  is t h a t  it 
becomes worse i f  t h e  g r i d  l i n e s  a r e  p l a c e d  more c l o s e l y  
t o g e t h e r  i n  an a t t e m p t  t o  r e f i n e  t h e  m i d l i n e .  
A second approach t o  t h e  problem i n v o l v e s  f i t t i n g  c i r c l e s  
i n s i d e  t h e  v o c a l  t r a c t  such  t h a t  t h e  c i r c l e s  a r e  j u s t  t a n g e n t  
t o  t h e  o u t l i n e  of  t h e  v o c a l  t r a c t ,  a s  shown i n  F i g u r e  4 . 4 .  The 
m i d l i n e  is t h e n  d e f i n e d  t o  be t h e  s e t  of l i n e  segments  
c o n n e c t i n g  t h e  c e n t e r s  of  t h e s e  c i r c l e s .  T h i s  t e c h n i q u e  h a s  
been used s u c c e s s f u l l y  by M i l l e r  and Fuj imura  ( 1 9 7 5 ) .  A 
f u r t h e r  r e f i n e m e n t  t o  t h i s  t e c h n i q u e  would i n v o l v e  p l a c i n g  t h e  
c i r c l e s  e x t r e m e l y  c l o s e  t o  one a n o t h e r  and t h e n  u s i n g  t h e  
l o c u s  of p o i n t s  d e f i n e d  by t h e i r  c e n t e r s  a s  t h e  m i d l i n e .  T h i s  
l a s t  d e f i n i t i o n  of a  m i d l i n e  is s u f f i c i e n t l y  s i m i l a r  t o  a  
med ia l  a x i s  (Blum, 1973)  t o  j u s t i f y  an  i n v e s t i g a t i o n  of  t h e  
p o s s i b l e  b e n e f i t s  of  pe r fo rming  a  f u l l  m e d i a l  a x i s  
t r a n s f o r m a t i o n .  
Figure 4.4 Imbedded circles as a means of defining the 
midline of the vocal tract. The midline can be either 
the line segments connecting the centers of the circles, 
or, if the circles are placed close to one another, can 
simply be the locus of their centers. 
4 . 3  D e f i n i t i o n  o f  t h e  m e d i a l  a x i s  t r a n s f o r m  
-------------------------------------------- 
A m e d i a l  a x i s  t r a n s f o r m ,  a l s o  known a s  a  Blum t r a n s f o r m  
o r  s y m m e t r i c  a x i s  t r a n s f o r m ,  i n v o l v e s  t h e  r e p r e s e n t a t i o n  o f  a  
f i g u r e  a s  a  sum o f  c i r c l e s  o f  maximal  r a d i u s ,  s u c h  t h a t  t h e  
c i r c l e s  a r e  t a n g e n t  t o  t h e  b o u n d a r y  o f  t h e  f i g u r e ,  b u t  no one  
c i r c l e  may c o m p l e t e l y  c o n t a i n  a n o t h e r  c i r c l e .  The 
r e p r e s e n t a t i o n  o f  t h e  f i g u r e  i s  t h e r e b y  t r a n s f o r m e d  from a n  
o u t l i n e  i n t o  two p a r t s :  a s k e l e t o n  c o n s i s t i n g  o f  t h e  l o c u s  o f  
t h e  c e n t e r s  o f  t h e  c i r c l e s  and a  set  o f  r a d i i ,  e a c h  r a d i u s  
b e i n g  a s s o c i a t e d  w i t h  a  c e n t e r .  F i g u r e  4 . 5  shows t h e  
v o c a l - t r a c t  o u t l i n e  o f  F i g u r e s  4 . 3  and  4 . 4  t o g e t h e r  w i t h  i t s  
s k e l e t o n  a s  computed v i a  t h e  m e d i a l  a x i s  t r a n s f o r m .  
B e s i d e s  b e i n g  r e g a r d e d  a s  a  s u p e r p o s i t i o n  o f  c i r c l e s ,  t h e  
m e d i a l  a x i s  t r a n s f o r m  c a n  be  d e f i n e d  by means o f  a  p r o p a g a t i n g  
w a v e f r o n t .  Assume t h a t  t h e  o u t l i n e  o f  t h e  f i g u r e  is e x c i t e d  
a t  time 0 .  After time 0 ,  two w a v e f r o n t s  w i l l  p r o p a g a t e  away 
f rom t h e  f i g u r e .  S i n c e  t h e  m i d l i n e  o f  t h e  v o c a l - t r a c t  o u t l i n e  
l i e s  i n s i d e  t h a t  o u t l i n e ,  o n l y  t h e  inward  t r a v e l l i n g  wavef r o n t  
w i l l  be  d i s c u s s e d  h e r e .  The u s u a l  fo rm o f  wave p r o p a g a t i o n  
d i c t a t e s  t h a t  two i n t e r s e c t i n g  w a v e f r o n t s  s i m p l y  c r o s s  e a c h  
o t h e r  and c o n t i n u e .  However, f o r  t h e  d e f i n i t i o n  o f  t h e  m e d i a l  
a x i s  t r a n s f o r m ,  it is u s e f u l  t o  assume d e s t r u c t i v e  
i n t e r f e r e n c e ,  i . e . ,  t h a t  when two wavef r o n t s  meet, t h e y  
d e s t r o y  e a c h  o t h e r  and d o  n o t  p r o p a g a t e  f a r t h e r .  The p o i n t s  a t  
which  t h e y  meet become p o i n t s  on t h e  s k e l e t o n ,  and  t h e  t i m e s  
Figure 4.5 Vocal-tract outline with medial axis. The 
midline consists of the portion of the medial axis starting 
at the glottis and ending at the lips, but does not include 
side branches. 
a t  which t h e y  meet y i e l d  t h e  r e s p e c t i v e  d i s t a n c e s  from t h e  
c o n t o u r  when m u l t i p l i e d  by t h e  v e l o c i t y  of p r o p a g a t i o n .  
A d d i t i o n a l  d i s c u s s i o n  o f  t h e  t h e o r e t i c a l  a s p e c t s  of  t h e  media l  
a x i s  t r a n s f o r m  can be found i n  Blum ( 1 9 7 3 ) .  
A c o m p u t a t i o n a l l y  s i m p l e  method f o r  d e r i v i n g  a  s k e l e t o n  
c o n s i s t s  of  r e p r e s e n t i n g  t h e  o u t l i n e  o f  t h e  f i g u r e  a s  a  se t  of  
p o i n t s  on an x-y g r i d ,  and t h e n  s i m p l y  p r o p a g a t i n g  t h e s e  
p o i n t s  inward on t h e  g r i d .  A number of  problems a r e  a s s o c i a t e d  
w i t h  t h i s  method. Depending on t h e  a c c u r a c y  r e q u i r e d ,  t h e  
g r i d  used f o r  t h e  f i g u r e  and i t s  background may be q u i t e  
l a r g e ,  t y p i c a l l y  1000 by 1000 p o i n t s .  Not o n l y  does  . t h i s  
method r e q u i r e  a  l a r g e  amount of s t o r a g e  f o r  t h e  f i g u r e ,  b u t  
because  t h e  wave p r o p a g a t i o n  is performed one p o i n t  a t  a  t ime  
by t h e  computer ,  it is a l s o  v e r y  time consuming. Both o f  t h e s e  
problems a r e  a l l e v i a t e d  by u s i n g  a  t e c h n i q u e  s i m i l a r  t o  one 
proposed by Montenar i  ( 1 9 6 9 ) .  M o n t e n a r i ' s  method i n v o l v e s  
computing t h e  s k e l e t o n  of  . a  polygon c o m p l e t e l y  a n a l y t i c a l l y  
from t h e  e q u a t i o n s  of  t h e  s t r a i g h t  l i n e  segments  making up t h e  
f i g u r e ,  t h u s  a v o i d i n g  t h e  problems a s s o c i a t e d  w i t h  t h e  g r i d  
r e p r e s e n t a t i o n .  S i n c e  t h e  v o c a l - t r a c t  o u t l i n e  o f  t h e  model 
c o n s i s t s  of c i r c u l a r  a r c s  a s  w e l l  a s  s t r a i g h t  l i n e s ,  some 
m o d i f i c a t i o n s  must be made i n  M o n t e n a r i ' s  t e c h n i q u e  b e f o r e  it 
can be a p p l i e d  t o  t h e  model. These m o d i f i c a t i o n s  a r e  no ted  i n  
t h e  a l g o r i t h m  d e s c r i p t i o n  g i v e n  i n  t h e  n e x t  s e c t i o n .  
4.4 A l g o r i t h m  f o r  comput ing  m e d i a l  a x i s  
........................................ 
C o n s i d e r  a  s imply -connec ted  f i g u r e  s u c h  a s  t h e  
v o c a l - t r a c t  o u t l i n e  shown i n  F i g u r e  4 .6 .  Each p i e c e  o f  t h e  
o u t l i n e  t h a t  is d e f i n e d  by a  s e p a r a t e  e q u a t i o n  w i l l  be  
r e f e r r e d  t o  a s  an  e l e m e n t  o f  t h e  f i g u r e .  I n  F i g u r e  4 . 6 ,  a l l  
e l e m e n t s  a r e  e i t h e r  s t r a i g h t  l i n e  segmen t s  o r  c i r c u l a r  a r c s .  
T h e r e f o r e ,  a c c o r d i n g  t o  Huygens'  p r i n c i p l e ,  t h e  w a v e f r o n t  t h a t  
p r o p a g a t e s  inward from t h e  c o n t o u r  w i l l  a l s o  c o n s i s t  o n l y  o f  
s t r a i g h t  l i n e  segmen t s  and c i r c u l a r  a r c s .  
The i n t e r s e c t i o n  of two a d j a c e n t  e l e m e n t s  w i l l  be 
r e f e r r e d  t o  a s  a  s u t u r e  p o i n t .  The l i n e  formed a t  t h e  j u n c t u r e  
o f  two e l e m e n t s  as t h e  w a v e f r o n t  p r o p a g a t e s  w i l l  be  c a l l e d  a  
s u t u r e  l i n e .  The a n g l e  formed by two e l e m e n t s  a t  t h e i r  s u t u r e  
p o i n t  h a s  an i m p o r t a n t  e f f e c t  on t h e  way t h e  w a v e f r o n t  
p r o p a g a t e s .  F i g u r e  4 .6  shows t h e  e f f e c t s  o f  t h e  t h r e e  
d i f f e r e n t  t y p e s  o f  a n g l e s  e n c o u n t e r e d .  L e t  a be  d e f i n e d  a s  t h e  
a n g l e  formed i n s i d e  t h e  c o n t o u r  by t h e  two l i n e s  t h a t  a r e  
t a n g e n t  r e s p e c t i v e l y  t o  two e l e m e n t s  a t  t h e i r  s u t u r e  p o i n t .  
( T h i s  d e f i n i t i o n  d i f f e r s  from t h e  one  g i v e n  by Montena r i  f o r  
t h e  c h a r a c t e r i s t i c  a n g l e ,  l e a d i n g  t o  d i f f e r e n t  n u m e r i c a l  
v a l u e s  f o r  a .  However, names f o r  t h e  d i f f e r e n t  t y p e s  o f  a n g l e s  
a s  r e l a t e d  t o  t h e  a c t u a l  geomet ry  have  been k e p t  t h e  same.)  A 
convex a n g l e  ( 0  < a < 1 8 0 )  i n d i c a t e s  t h a t  t h e  w a v e f r o n t s  
g e n e r a t e d  by t h e  two e l e m e n t s  w i l l  a n n i h i l a t e  e a c h  o t h e r  a l o n g  
a  l i n e  d e f i n e d  by t h e  l o c u s  o f  p o i n t s  e q u i d i s t a n t  f rom t h e  two 
FLAT ANGLE HAS NO EFFECT 
ON SKELETON OR WAVEFRONT 
\ CONVEX ANGLE GENERATES 
BRANCH OF SKELETON 
Figure 4.6 Propagating wavefront interpretation of the 
medial axis transform showing the effects of the three 
different types of angles. 
e l e m e n t s ,  t h e r e b y  g e n e r a t i n g  a  b r a n c h ,  o r  a  p i e c e  o f  t h e  
s k e l e t o n .  Note t h a t  a  b r a n c h  is a  s u t u r e  l i n e  o r i g i n a t i n g  from 
a  convex a n g l e .  A - f l a t  a n g l e  ( a  = 1 8 0 )  o c c u r s  when two 
a d j a c e n t  e l e m e n t s  a r e  t a n g e n t  a t  t h e i r  s u t u r e  p o i n t .  The 
w a v e f r o n t s  g e n e r a t e d  by t h e  e l e m e n t s  m a i n t a i n  t h i s  t a n g e n t  
r e l a t i o n s h i p  and t h u s  d o  n o t  g e n e r a t e  a  s k e l e t a l  b r a n c h .  A 
concave  a n g l e  (180 < a  < 360)  i n  t h e  c o n t o u r  g e n e r a t e s  a  
c i r c u l a r  a r c  i n  t h e  w a v e f r o n t ,  t h u s  a c t i n g  a s  i f  it  were a n  
e l e m e n t  c o n s i s t i n g  o f  a  c i r c l e  w i t h  a  r a d i u s  o f  0.  
The p r o p a g a t i n g  wavef r o n t  can  be  u n i q u e l y  d e s c r i b e d  by 
s p e c i f y i n g  t h e  e q u a t i o n s  o f  t h e  e l e m e n t s  o f  t h e  f i g u r e ,  t h e  
. 
o r d e r  i n  which t h e  e l e m e n t s  o c c u r ,  and t h e  d i s t a n c e  o f  t h e  
w a v e f r o n t  from t h e  o r i g i n a l  f i g u r e .  O t h e r  t h a n  t h e  d i s t a n c e  
from t h e  f i g u r e ,  n o t h i n g  c h a n g e s  i n  t h i s  d e s c r i p t i o n  o f  t h e  
w a v e f r o n t  u n t i l  one  o f  t h e  e l e m e n t s  comes i n  c o n t a c t  w i t h  
a n o t h e r  e l e m e n t  w i t h  which ,it had p r e v i o u s l y  n o t  been i n  
c o n t a c t .  The p o i n t  a t  which t h i s  i n t e r s e c t i o n  o c c u r s  is 
c a l l e d  a  b r e a k p o i n t .  T h r e e  t y p e s  o f  b r e a k p o i n t s  c a n  o c c u r .  
I n i t i a l  B r e a k p o i n t  When a growing  c i r c l e  comes i n  c c n t a c t  w i t h  
a n o t h e r  e l e m e n t ,  it d i v i d e s  t h e  f i g u r e  i n t o  two s m a l l e r  
p i e c e s ,  t h u s  i n i t i a t i n g  a new c o n t o u r .  F i g u r e  4.7a shows t h e  
t h r e e  t y p e s  o f  i n i t i a l  b r e a k p o i n t s .  
I n t e r m e d i a t e  B r e a k p o i n t  An i n t e r m e d i a t e  b r e a k p o i n t  o c c u r s  when 
t h e  m i d d l e  e l e m e n t  o f  a s e q u e n c e  o f  t h r e e  e l e m e n t s  d i s a p p e a r s  
i n  t h e  c o u r s e  o f  t h e  w a v e f r o n t  p r o p a g a t i o n ,  t h u s  b r i n g i n g  t h e  
4.7a Initial breakpoint - initiates a new contour. 
4.7b Intermediate breakpoint (9 cases) - the point at 
which the middle element disappears. 
4 . 7 ~  Final breakpoint - the point at which a contour 
collapses. 
Figure 4.7 The three types of breakpoints. 
two o u t e r  e l e m e n t s  i n  c o n t a c t  w i t h  one  a n o t h e r ,  as shown i n  
F i g u r e  4.7b. 
F i n a l  B r e a k p o i n t  A f i n a l  b r e a k p o i n t  o c c u r s  when a  c o n t o u r  
c o l l a p s e s  t o  a  s i n g l e  p o i n t ,  a s  shown i n  F i g u r e  4 . 7 ~ .  A f i n a l  
b r e a k p o i n t  is t h e  s p e c i a l  c a s e  o f  t h r e e  c o i n c i d e n t  
i n t e r m e d i a t e  b r e a k p o i n t s .  
The e q u a t i o n  o f  e a c h  b r a n c h  o f  t h e  m e d i a l  a x i s  i s  
s p e c i f i e d  u n i q u e l y  by t h e  e q u a t i o n s  o f  t h e  two e l e m e n t s  on 
e i t h e r  s i d e  o f  it. T h e r e  a r e  t h r e e  d i f f e r e n t  p a i r  c o m b i n a t i o n s  
o f  t h e  two e l e m e n t  t y p e s :  l i n e - l i n e ,  a r c - l i n e ,  and a r c - a r c .  
L i n e - l i n e  p a ' i r s  p r o d u c e  s t r a i g h t  l i n e  b r a n c h e s  and a r c - l i n e  
p a i r s  p roduce  p a r a b o l i c  b r a n c h e s .  For t h e  p o l y g o n a l  f i g u r e s  
used  by M o n t e n a r i ,  a l l  a r c  e l e m e n t s  found i n  t h e  w a v e f r o n t  a t  
a  g i v e n  t i m e  have  t h e  same r a d i u s ,  s i n c e  t h e y  were a l l  
g e n e r a t e d  by concave  s u t u r e  p o i n t s .  T h e r e f o r e ,  any  b r a n c h e s  
c r e a t e d  by two a d j a c e n t  a r c s  a r e  s t r a i g h t  l i n e  segmen t s .  
However, i f  t h e  f i g u r e  i s  a l l o w e d  t o  have  e l e m e n t s  c o n s i s t i n g  
o f  a r c s  a s  w e l l  a s  s t r a i g h t  l i n e s ,  it is  p o s s i b l e  t o  e n c o u n t e r  
b r a n c h e s  t h a t  have  been g e n e r a t e d  by two c i r c l e s  o f  u n e q u a l  
r a d i u s .  These  b r a n c h e s  w i l l  be  p i e c e s  o f  e l l i p s e s  o r  
h y p e r b o l a s ,  depend ing  on whe the r  t h e  c i r c l e s  a r e  growing  o r  
s h r i n k i n g .  
From t h e  p r e c e d i n g  d i s c u s s i o n ,  one  c a n  c o n c l u d e  t h a t  it 
is p o s s i b l e  t o  s p e c i f y  t h e  m e d i a l  a x i s  o f  a  f i g u r e  c o n s i s t i n g  
s o l e l y  of  s t r a i g h t  l i n e s  and c i r c u l a r  a r c s  by d e t e r m i n i n g  t h e  
l o c a t i o n s  of  t h e  b r e a k p o i n t s  and t h e  o r d e r  i n  which t h e y  
o c c u r .  S i n c e  t h e  b r a n c h e s  a r e  s p e c i f i e d  by e q u a t i o n s  i n s t e i d  
o f  by l o c a t i o n s  on a  d i s c r e t e  g r i d ,  t h e  media l  a x i s  can  be 
de te rmined  t o  a r b i t r a r y  accu;acy w i t h o u t  hav ing  t o  r e s o r t  t o  
a n  e x t r e m e l y  f i n e  g r i d  and a l l  of  t h e  time and s p a c e  
i n e f f i c i e n c y  impl ied  t h e r e b y .  The a l g o r i t h m  used t o  o b t a i n  t h e  
l o c a t i o n s  of t h e  b r e a k p o i n t s  is  d i s c u s s e d  below i n  t h r e e  
s t a g e s .  I t  was implemented on a  DECSYSTEM-20 computer i n  
S t r u c t u r e d  F o r t r a n .  
S t a g e  - I n i t i a l i z a t i o n  of  t h e  wavef ron t  l i s t  
I n  t h e  d a t a  s t r u c t u r e  r e p r e s e n t i n g  t h e  p r o p a g a t i n g  wave 
o f  t h e  f i g u r e ,  each  e lement  i s  a s s o c i a t e d  w i t h  8 components:  
t h e  ( x , y )  l o c a t i o n  of  t h e  beg inn ing  of  t h e  e l e m e n t ,  t h e  t y p e  
o f  e l ement  ( l i n e  o r  a r c ) ,  p o i n t e r s  t o  t h e  n e x t  e l ement  and t o  
t h e  p r e v i o u s  e l e m e n t ,  a  marker  i n d i c a t i n g  whether  o r  n o t  t h i s  
e l ement  is t a n g e n t  t o  t h e  p r e v i o u s  e lement  a t  t h e  s u t u r e  
p o i n t ,  and t h e  t h r e e  p a r a m e t e r s  of  t h e  e q u a t i o n  s p e c i f y i n g  t h e  
e lement .  For c i r c l e s ,  t h e s e  t h r e e  p a r a m e t e r s  a r e  t h e  (x,y')  
l o c a t i o n  of  i t s  c e n t e r  and t h e  r a d i u s .  The r a d i u s  is p o s i t i v e  
f o r  c i r c l e s  t h a t  s h r i n k  a s  t h e  w a v e f r o n t  p r o p a g a t e s  and 
n e g a t i v e  f o r  c i r c l e s  t h a t  grow. S i n c e  F o r t r a n  t r e a t s  t h e  
number 0 a s  hav ing  p o s i t i v e  s i g n ,  it would have  been more 
c o n v e n i e n t  t o  a s s i g n  n e g a t i v e  r a d i i  t o  s h r i n k i n g  c i r c l e s  and 
p o s i t i v e  r a d i i  t o  growing o n e s ,  b u t  t h e  i m p l i c a t i o n s  of  t h i s  
d e c i s i o n  were o n l y  d i s c o v e r e d  a f t e r  most of  t h e  programming 
had been comple ted .  
S t r a i g h t  l i n e s  a r e  s t o r e d  i n  normal  form 
where X=cose and p-s in8  a r e  d i r e c t i o n  c o s i n e s  and  p is t h e  
d i s t a n c e  from t h e  o r i g i n  t o  t h e  l i n e .  8  is t h e  a n g l e  between 
t h e  x a x i s  and a  l i n e  t h a t  is  normal  t o  t h e  l i n e  g i v e n  by 
e q u a t i o n  4 . 1 .  The normal  r e p r e s e n t a t i o n  i s  u s e f u l  b e c a u s e  it 
a l l o w s  e a s y  c o m p u t a t i o n  o f  t h e  d i s t a n c e  f rom a p o i n t  t o  t h e  
l i n e  by means o f  t h e  f o r m u l a  
and b e c a u s e  t h e  d i r e c t i o n  c o s i n e s  a r e  a l w a y s  f i n i t e ,  i n  
c o n t r a s t  w i t h  t h e  s l o p e  o f  t h e  l i n e .  The u s u a l  c o n v e n t i o n  f o r  
d e t e r m i n i n g  t h e  s i g n s  o f  t h e  t h r e e  l i n e  p a r a m e t e r s  is t o  keep  
p  p o s i t i v e .  However, it was judged t o  be more c o n v e n i e n t  i n  
t h e  c u r r e n t  a p p l i c a t i o n  t o  d e t e r m i n e  t h e  s i g n s  by f o r c i n g  t h e  
d i s t a n c e  from a p o i n t  i n s i d e  t h e  c o n t o u r  t o  t h e  l i n e  t o  be 
p o s i t i v e .  
Dur ing  t h e  c o n s t r u c t i o n  o f  t h e  w a v e f r o n t  l i s t ,  t h e  a n g l e  
formed by e a c h  a d j a c e n t  p a i r  o f  e l e m e n t s  is computed and 
a p p r o p r i a t e  a c t i o n  t a k e n .  I f  a  convex a n g l e  is e n c o u n t e r e d ,  
t h e  second  e l e m e n t  o f  t h e  p a i r  i s  l a b e l e d  t o  i n d i c a t e  t h e  
p r e s e n c e  of  a  b r a n c h .  I f  a  concave  a n g l e  is e n c o u n t e r e d ,  a  
c i r c l e  of  r a d i u s  0 is i n s e r t e d  between t h e  two e l e m e n t s  o f  t h e  
p a i r .  
Before  a  m e d i a l  a x i s  t r a n s f o r m  can be performed on t h e  
v o c a l - t r a c t  o u t l i n e  o f  F i g u r e  4.4, t h e  f i g u r e  o u t l i n e  must be 
c l o s e d  a t  t h e  g l o t t a l  and l i p  ends .  I n  o r d e r  t o  a v o i d  t h e  
problem of e x t r a n e o u s  b r a n c h e s ,  t h e  g a p s  a t  t h e s e  e n d s  a r e  
c l o s e d  by f i t t i n g  an  a r c  between t h e  two l i n e s  on e i t h e r  s i d e  
o f  t h e  gap  such  t h a t  t h e  a r c  forms f l a t  a n g l e s  w i t h  t h e  l i n e s  
a t  t h e ' s u t u r e  p o i n t s ,  U s u a l l y ,  one  of  t h e  two l i n e s  must be 
ex tended  i n  o r d e r  t o  p e r m i t  p r o p e r  p lacement  of  t h e  a r c .  
F i g u r e  4.6 shows t h e  r e s u l t  of  c l o s i n g  t h e  g a p s  o f  F i g u r e  4.5. 
S t a g e  2 :  D e t e r m i n a t i o n  of  p o s s i b l e  b r e a k p o i n t s  
A set  of p o s s i b l e  b r e a k p o i n t s  is c a l c u l a t e d  and p l a c e d  i n  
a  l i s t  i n  o r d e r  of i n c r e a s i n g  d i s t a n c e  from t h e  c o n t o u r .  The 
s e t  of b r e a k p o i n t s  is de te rmined  i n  two s t e p s :  c a l c u l a t i o n  of  
t h e  i n t e r m e d i a t e  b r e a k p o i n t s  and c a l c u l a t i o n  of  i n i t i a l  
b r e a k p o i n t s ,  f i n a l  b r e a k p o i n t s  be ing  o n l y  s p e c i a l  c a s e s  of  
i n t e r m e d i a t e  b r e a k p o i n t s ,  
I n t e r m e d i a t e  b r e a k p o i n t s  a r e  found by c a l c u l a t i n g  t h e  
l o c a t i o n  of a  p o i n t  e q u i d i s t a n t  from t h r e e  a d j a c e n t  e l e m e n t s .  
For t h e  t r i a d  of  t h r e e  s t r a i g h t  l i n e s ,  one s i m p l y  s o l v e s  t h e  
t h r e e  d i s t a n c e  e q u a t i o n 9  o f  t h e  t y p e  g i v e n  i n  e q u a t i o n  4 . 2  f o r  
t h e  t h r e e  unknowns x ,  y ,  and d.  For two l i n e s  and an  a r c ,  t h e  
two s u t u r e  l i n e s  a r e  a  s t r a i g h t  l i n e  and a p a r a b o l a .  The 
b r e a k p o i n t  l i e s  a t  t h e  i n t e r s e c t i o n  of  t h e  s u t u r e  l i n e s .  The 
s o l u t i o n  of  t h i s  problem becomes t r a c t a b l e  by r o t a t i n g  and 
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s h i f t i n g  t h e  c o o r d i n a t e  sys tem such t h a t  t h e  s u t u r e  l i n e  
produced by t h e  two l i n e  e l emen t s  becomes t h e  l i n e  y=0. 
A s  mentioned p r e v i o u s l y ,  t h e  i n c l u s i o n  of a r c s  i n  t h e  
o u t l i n e  of t h e  f i g u r e  l e a d s  t o  t h e  p o s s i b i l i t y  of  e l l i p s e s  and 
hype rbo l a s  a s  s u t u r e  l i n e s .  T h e r e f o r e ,  i n  t h e  d e t e r m i n a t i o n  o f  
b r e a k p o i n t s  from t r i a d s  having two o r  , t h r e e  a r c s ,  one is 
con f ron t ed  w i th  f i n d i n g  t h e  i n t e r s e c t i o n  of  two c o n i c  s u t u r e  
l i n e s ,  a  problem n o t  encounte red  by Montenari .  However, it is 
n o t  n e c e s s a r y  t o  s o l v e  a  q u a r t i c  e q u a t i o n  because  t h e  two 
c o n i c s  a r e  always r e l a t e d  by a common focus .  For t h e  c a s e  of  
two a r c s  and a  l i n e ,  t h e  fo l l owing  d i s t a n c e  e q u a t i o n s  must be 
s o l v e d .  
hn,  kn, and r n  a r e  t h e  c e n t e r  and r a d i u s  of  t h e  n t h  a r c ,  w h i l e  
x ,  y r  and d  a r e  t h e  v a r i a b l e s  t o  be de te rmined .  I f  one 
s u b t r a c t s  e q u a t i o n  4.4 from 4.3,  one is l e f t  w i t h  
which is l i n e a r  i n  form. Note t h a t  d  i n  e q u a t i o n  4.6 does  n o t  
s p e c i f y  t h e  d i s t a n c e  from t h e  p o i n t  ( x , y )  t o  a  s t r a i g h t  l i n e ,  
s i n c e  t h e  c o e f f i c i e n t s  of  x and y  a r e  n o t  n e c e s s a r i l y  
d i r e c t i o n  c o s i n e s .  N e v e r t h e l e s s ,  it is p o s s i b l e  t o  s o l v e  
e q u a t i o n s  4 .3 ,  4 . 5  and 4 .6  a s  i f  t h e y  had been produced by t h e  
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l i n e - l i n e - a r c  problem. S i m i l a r  a l g e b r a  a v o i d s  t h e  s o l u t i o n  of  
a  q u a r t i c  when f i n d i n g  t h e  b r e a k p o i n t  a s s o c i a t e d  w i t h  t h r e e  
a r c s .  
A l l  s u t u r e  l i n e s  g e n e r a t e d  by f l a t  a n g l e s  a r e  s t r a i g h t  
l i n e s  normal t o  t h e  two e l e m e n t s  forming t h e  f l a t  a n g l e .  
Although t h i s  s t r a i g h t  l i n e  can  be t h o u g h t  o f  a s  a  d e g e n e r a t e  
c o n i c ,  t h e  f i n i t e  word l e n g t h  of  a  computer makes it  
i m p o s s i b l e  t o  r e l i a b l y  f i n d  i n t e r m e d i a t e  b r e a k p o i n t s  f o r  
t r i a d s  i n v o l v i n g  f l a t  a n g l e s  v i a  t h e  t e c h n i q u e s  g i v e n  above 
f o r  f i n d i n g  t h e  i n t e r s e c t i o n  of  s u t u r e  l i n e s .  T h e r e f o r e ,  a l l  
t r i a d s  i n v o l v i n g  f l a t  a n g l e s  must be hand led  s e p a r a t e l y  from 
t h e  g e n e r a l  c a s e .  
A f t e r  each p o s s i b l e  i n t e r m e d i a t e  b r e a k p o i n t  is computed 
by t h e  methods o u t l i n e d  above,  it must p a s s  two tes ts  b e f o r e  
i t  is e n t e r e d  i n t o  t h e  b r e a k p o i n t  l i s t :  i t s  d i s t a n c e  from t h e  
- 
c o n t o u r  must be p o s i t i v e ,  and t h e  p e r p e n d i c u l a r  from t h e  p o i n t  
t o  each  of t h e  t h r e e  e l e m e n t s  must a c t u a l l y  i n t e r s e c t  t h a t  
e l ement  between t h e  ( x , y )  l o c a t i o n  of  t h e  b e g i n n i n g  of t h e  
e lement  and t h e  l o c a t i o n  of  t h e  beg inn ing  of t h e  n e x t  e l ement .  
These two t e s t s  e l i m i n a t e  e x t r a n e o u s  b r e a k p o i n t s  r e s u l t i n g  
from t h e  s o l u t i o n  of q u a d r a t i c  e q u a t i o n s .  They a l s o  e l i m i n a t e  
from f u r t h e r  c o n s i d e r a t i o n  t h o s e  b r e a k p o i n t s  r e s u l t i n g  from 
t r i a d s  where one of t h e  s i d e  e l e m e n t s  d i s a p p e a r s  d u r i n g  
wavef ron t  p r o p a g a t i o n  b e f o r e  t h e  c e n t e r  e l ement  d i s a p p e a r s .  
I n i t i a l  b r e a k p o i n t s  a r e  computed by examin ing  a l l  
p o s s i b l e  n o n a d j a c e n t  p a i r s  o f  c o n t o u r  e l e m e n t s .  I f  one  o r  b o t h  
e l e m e n t s  o f  t h e  p a i r  is a  growing  c i r c l e ,  a p o i n t  which is 
e q u a l l y  d i s t a n t  f rom t h e  two e l e m e n t s  is computed. A s  w i t h  
i n t e r m e d i a t e  b r e a k p o i n t s ,  t h e  d i s t a n c e  from t h i s  p o i n t  t o  t h e  
c o n t o u r  must  be p o s i t i v e  and t h e  p e r p e n d i c u l a r  f rom t h e  p o i n t  
t o  t h e  two e l e m e n t s  must i n t e r s e c t  t h e  e l e m e n t s  be tween t h e i r  
e n d p o i n t s .  
S t a g e  3 :  P r o p a g a t i o n  o f  t h e  w a v e f r o n t  
A s  ment ioned  e a r l i e r ,  it is  n o t  n e c e s s a r y  t o  p r o p a g a t e  
t h e  w a v e f r o n t  i n  s m a l l  i n c r e m e n t s .  R a t h e r ,  t h e  o n l y  c h a n g e s  t o  
be  made i n  t h e  w a v e f r o n t  o c c u r  a t  b r e a k p o i n t s .  The p o s s i b l e  
b r e a k p o i n t s  a r e  removed from t h e  l i s t  i n  o r d e r  o f  i n c r e a s i n g  
d i s t a n c e  from t h e  c o n t o u r  a n d ,  i f  judged  t o  be v a l i d  
b r e a k p o i n t s ,  c a u s e  a p p r o p r i a t e  c h a n g e s  t o  be made i n  t h e  
w a v e f r o n t  and i n  t h e  b r e a k p o i n t  l i s t .  
A l l  i n t e r m e d i a t e  b r e a k p o i n t s  a r e  v a l i d .  When one  is  
e n c o u n t e r e d ,  a  check  is made o f  t h e  number o f  e l e m e n t s  
r e m a i n i n g  i n  t h e  c o n t o u r .  If less  t h a n  f o u r  e l e m e n t s  r ema in ,  
a  f i n a l  b r e a k p o i n t  h a s  been  found and t h e  c u r r e n t  c o n t o u r  is 
c o m p l e t e d .  I f  i n  a d d i t i o n  no more c o n t o u r s  r e m a i n ,  t h e  
s k e l e t o n  is comple t ed  and t h e  a l g o r i t h m  s t o p s .  I f  f o u r  o r  
more e l e m e n t s  a r e  p r e s e n t ,  t h e  c e n t r a l  e l e m e n t  o f  t h e  t r i a d  
a s s o c i a t e d  w i t h  t h e  b r e a k p o i n t  i s  removed from t h e  c o n t o u r .  
A l l  b r e a k p o i n t s  which r e f e r  t o  t h e  removed e l e m e n t  i n  any  way, 
e i t h e r  a s  members of  a  t r i a d  o r  a s  members of  an  
i n i t i a l - b r e a k p o i n t  p a i r ,  a r e  removed from t h e  b r e a k p o i n t  l i s t .  
The removal of  t h e  e lement  c r e a t e s  two new sets of  t h r e e  
c o n t i g u o u s  e l e m e n t s .  I n t e r m e d i a t e  b r e a k p o i n t s  a r e  c a l c u l a t e d  
f o r  t h e s e  t r i a d s .  Each is e n t e r e d  i n t o  t h e  b r e a k p o i n t  l i s t  i f  
i t s  d i s t a n c e  from t h e  c o n t o u r  is g r e a t e r  t h a n  t h e  d i s t a n c e  of  
t h e  b r e a k p o i n t  which caused  t h e  removal of  t h e  l a s t  e l e m e n t ,  
and i f  t h e  p e r p e n d i c u l a r s  from t h e  b r e a k p o i n t  t o  t h e  c o n t o u r  
i n t e r s e c t  t h e  e l e m e n t s  of  t h e  t r i a d ,  as d i s c u s s e d  under 
S t a g e  2. 
When an i n i t i a l  b r e a k p o i n t  is e n c o u n t e r e d  i n  t h e  
b r e a k p o i n t  l i s t ,  t h e  f o l l o w i n g  t e s t  must be c a r r i e d  o u t  b e f o r e  
it can be a c c e p t e d  a s  a  v a l i d  b r e a k p o i n t .  For each  e lement  of  
t h e  p a i r  a s s o c i a t e d  w i t h  t h e  b r e a k p o i n t ,  t h e  l o c a t i o n s  of  t h e  
s u t u r e  p o i n t s  on e i t h e r  s i d e  of t h e  e lement  a r e  computed a t  
t h e  d i s t a n c e  a s s o c i a t e d  w i t h  t h e  b r e a k p o i n t .  I f  t h e  
b r e a k p o i n t  does  n o t  l i e  on t h e  e lement  between t h e s e  two 
s u t u r e  p o i n t s ,  t h e n  it is  n o t  a  v a l i d  b r e a k p o i n t .  I n  o t h e r  
words,  t h a t  p a r t  of  t h e  e lement  on which t h e  b r e a k p o i n t  i s  
l o c a t e d  m u s t  s t i l l  e x i s t  by t h e  t i m e  a t  which t h e  wavef ron t  
r e a c h e s  t h e  d i s t a n c e  of  t h a t  b r e a k p o i n t .  
The o c c u r r e n c e  of  an i n i t i a l  b r e a k p o i n t  d i v i d e s  t h e  
c o n t o u r  i n t o  two s m a l l e r  c o n t o u r s .  A second copy must be made 
o f  each  of t h e  two i n t e r s e c t i n g  e l e m e n t s  s o  t h a t  one  p a i r  can  
be i n c l u d e d  i n  t h e  wavef ron t  l i s t  of  e a c h  r e s u l t i n g  c o n t o u r .  
The b r e a k p o i n t  l i s t  must be d i v i d e d  i n t o  two s m a l l e r  l i s t s ,  
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one f o r  e a c h  c o n t o u r .  Each i n t e r m e d i a t e  b r e a k p o i n t  a s s o c i a t e d  
w i t h  a  t r i a d  whose c e n t r a l  e l e m e n t  is one  o f  t h e  two 
i n t e r s e c t i n g  e l e m e n t s  is e l i m i n a t e d .  Each r e m a i n i n g  
i n t e r m e d i a t e  b r e a k p o i n t  is s o r t e d  i n t o  t h e  b r e a k p o i n t  l i s t  
a p p r o p r i a t e  f o r  t h e  c o n t o u r  o f  t h e  e l e m e n t s  o f  i t s  t r i a d .  N e w  
i n t e r m e d i a t e  b r e a k p o i n t s  a r e  c a l c u l a t e d  f o r  e a c h  t r i a d  h a v i n g  
a n  i n t e r s e c t i n g  e l e m e n t  a s  i t s  c e n t r a l  e l e m e n t .  I n i t i a l  
b r e a k p o i n t s  i n v o l v i n g  two e l e m e n t s  t h a t  a r e  b o t h  c o n t a i n e d  i n  
one  c o n t o u r  a r e  p l a c e d  i n  t h e  b r e a k p o i n t  l i s t  o f  t h a t  c o n t o u r .  
I n i t i a l  b r e a k p o i n t s  i n v o l v i n g  one  e l e m e n t  from e a c h  c o n t o u r  
a r e  e l i m i n a t e d .  
4 . 5  C o n s t r u c t i o n  o f  a  t r ee  f o r  t h e  m e d i a l  a x i s  
The a l g o r i t h m  p roposed  by M o n t e n a r i ,  as d e s c r i b e d  i n  t h e  
p r e v i o u s  s e c t i o n  w i t h  some m o d i f i c a t i o n s ,  o n l y  s o l v e s  t h e  
problem of  f i n d i n g  t h e  b r e a k p o i n t s  o f  t h e  s k e l e t o n .  However, 
i n  o r d e r  t o  o b t a i n  t h e  m i d l i n e  o f  t h e  v o c a l  t r a c t ,  i t  is  
n e c e s s a r y  t o  c o n n e c t  t h e  v a r i o u s  b r a n c h e s  o f  t h e  m e d i a l  a x i s  
i n t o  a  s i n g l e  s t r u c t u r e ,  and t h e n  f i n d  a  p a t h  from t h e  b ranch  
a t  t h e  g l o t t a l  end of  t h e  v o c a l  t r a c t  t o  t h e  b r a n c h  a t  t h e  
l i p s .  Branches  a r e  s t a r t e d  whenever two e l e m e n t s  come i n t o  
c o n t a c t  and form a  convex a n g l e ,  e i t h e r  i n  t h e  i n i t i a l  o u t l i n e  
o f  t h e  f i g u r e  o r  a f t e r  a  b r e a k p o i n t .  Branches  a r e  comple t ed  
o n l y  a t  i n t e r m e d i a t e  o r  f i n a l  b r e a k p o i n t s .  S i n c e  b r e a k p o i n t s  
a r e  p r o c e s s e d  i n  o r d e r  o f  i n c r e a s i n g  d i s t a n c e  from t h e  f i g u r e  
o u t l i n e ,  b r a n c h e s  a r e  a l s o  comple t ed  i n  o r d e r  o f  i n c r e a s i n g  
d i s t a n c e  and n o t  i n  any l o g i c a l  o r d e r  r e l a t i v e  t o  one a n o t h e r .  
The f i r s t  s t e p  i n  t h e  s o l u t i o n  t o  t h i s  problem is t o  se t  
up a  d a t a  s t r u c t u r e  f o r  b ranches .  During s t a g e  one  of t h e  
a l g o r i t h m  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n ,  a  new branch  w i t h  
8 components is s t a r t e d  e a c h  t i m e  a  convex a n g l e  is 
e n c o u n t e r e d .  A p o i n t e r  t o  t h i s  b ranch  is a t t a c h e d  t o  t h e  
second e lement  of t h e  p a i r  of  e l e m e n t s  t h a t  form t h e  convex 
a n g l e .  Note t h a t  t h e  p r e s e n c e  o r  absence  of  t h e  p o i n t e r  t o  t h e  
branch c o u l d  be used t o  i n d i c a t e  whether  o r  n o t  t h i s  e l ement  
is  t a n g e n t  t o  t h e  p r e v i o u s  one and t h e r e f o r e  makes t h e  marker 
s e r v i n g  t h i s  purpose  u n n e c e s s a r y .  Components o f  t h e  branch 
i n c l u d e  t h e  ( x , y )  l o c a t i o n  o f  i t s  b e g i n n i n g ,  p o i n t e r s  t o  t h e  
two e l e m e n t s  forming t h e  convex a n g l e ,  t h r e e  p o i n t e r s  t o  
p r e v i o u s  b r a n c h e s ,  and a  p o i n t e r  t o  t h e  n e x t  b ranch .  S i n c e  
t h i s  b ranch  o r i g i n a t e s  a t  t h e  f i g u r e  o u t l i n e ,  t h e r e  a r e  no 
p r e v i o u s  b r a n c h e s ,  s o  t h e  t h r e e  p o i n t e r s  t o  p r e v i o u s  b ranches  
a r e  f i l l e d  w i t h  n u l l s .  The p o i n t e r  t o  t h e  n e x t  b ranch  i s  n o t  
f i l l e d  u n t i l  t h e  branch is comple ted .  
An i n t e r m e d i a t e  b r e a k p o i n t  h a s  two e f f e c t s  on t h e  b ranch  
s t r u c t u r e :  it c o m p l e t e s  one  o r  two e x i s t i n g  b r a n c h e s  and it 
g e n e r a t e s  one new one.  Except  f o r  t h e .  t r e a t m e n t  of  p o i n t e r s  
t o  p r e v i o u s  b r a n c h e s ,  g e n e r a t i o n  of new b r a n c h e s  t a k e s  p l a c e  
i n  t h e  same manner a s  b ranch  c r e a t i o n  a t  t h e  f i g u r e  o u t l i n e .  
Before  an e lement  is removed due  t o  an i n t e r m e d i a t e  
b r e a k p o i n t ,  it and t h e  f o l l o w i n g  e lement  a r e  checked f o r  t h e  
p r e s e n c e  of  branch p o i n t e r s .  The new branch  c r e a t e d  by t h e  
b r e a k p o i n t  r e c e i v e s  t h e s e  b r a n c h  p o i n t e r s  a s  back p o i n t e r s .  
The b r a n c h e s  p o i n t e d  t o  r e c e i v e  t h e  new b r a n c h  as  a  f o r w a r d  
p o i n t e r .  
An i n i t i a l  b r e a k p o i n t  g e n e r a t e s  two new b r a n c h e s  b u t  d o e s  
n o t  c o m p l e t e  a n y  e x i s t i n g  b r a n c h e s .  Each new b r a n c h  h a s  one  
back p o i n t e r  which p o i n t s  t o  t h e  o t h e r  new b ranch .  A f i n a l  
b r e a k p o i n t  c o m p l e t e s  up t o - t h r e e  b r a n c h e s  and g e n e r a t e s  one  
d e g e n e r a t e  b r a n c h  w i t h  a  n u l l  a s  a  f o r w a r d  p o i n t e r  and no 
p o i n t e r s  t o  e l e m e n t s .  
F i g u r e  4 . 8  shows a  h y p o t h e t i c a l  d a t a  s t r u c t u r e  f o r  t h e  
s k e l e t o n  o f  F i g u r e  4 . 4 .  The a r r o w s  r e p r e s e n t  p i e c e s  o f  t h e  
s k e l e t o n ,  i .e . ,  a l l  b r a n c h e s  e x c e p t  t h e  d e g e n z r a t e  o n e s  
c r e a t e d  by f i n a l  b r e a k p o i n t s .  The d i r e c t i o n  o f  t h e  a r r o w  is 
d e t e r m i n e d  by t h e  f o r w a r d  p o i n t e r  o f  t h e  b r a n c h .  I t  is 
a p p a r e n t  from F i g u r e  4 .8  t h a t  t h e  p a t h  from t h e  g l o t t i s  t o  t h e  
l i p s  c o u l d  be d e t e r m i n e d  i f  t h e  d a t a  s t r u c t u r e  were  c o n v e r t e d  
t o  a  t r ee  r e p r e s e n t a t i o n  s u c h  a s  t h e  one  shown i n  F i g u r e  4.9.  
T r e e  b u i l d i n g  is a c c o m p l i s h e d  by a d v a n c i n g  t h r o u g h  t h e  
d a t a  s t r u c t u r e  one b r a n c h  a t  a  time and making a p p r o p r i a t e  
c h a n g e s ,  b e g i n n i n g  a t  t h e  g l o t t a l  end.  The b r a n c h e s  o f  t h e  
f i n i s h e d  t r e e  have  two fo rward  p o i n t e r s ,  an  ( x , y )  b e g i n n i n g  
l o c a t i o n ,  and two e l e m e n t  p o i n t e r s ,  b u t  no back p o i n t e r s .  The 
c h a n g e s  a r e  f a c i l i t a t e d  by t h e  f a c t  t h a t  o n l y  f o u r  b a s i c  
b r a n c h  r e l a t i o n s h i p s  e x i s t ,  a s  shown i n  F i g u r e  4.10.  Three  o f  
t h e s e  r e l a t i o n s h i p s  -- s o u r c e ,  f o r k ,  and s i n k  -- a r e  c a u s e d  by 
f ORDINARY BRANCH 
b BRANCH WlTH NO BACKWARD POINTER 
DEGENERATE BRANCH WlTH NO FOWARD POINTER AND 
NO ADJACENT ELEMENTS 
F i g u r e  4 . 8  Data s t r u c t u r e  o f  t h e  s k e l e t o n  b e f o r e  conver-  
s i o n  t o  t ree.  An o r d i n a r y  b ranch  c o n s i s t s  o f  t h e  ( x , y )  
l o c a t i o n  o f  i t s  s t a r t i n g  p o i n t ,  up t o  3 backward p o i n t e r s  
t o  p r e v i o u s  b r a n c h e s ,  one  fo rward  p o i n t e r  t o  t h e  n e x t  
b r a n c h ,  and p o i n t e r s  t o  t h e  two a d j a c e n t  e l e m e n t s .  
I ORDINARY BRANCH 
DEGENERATE BRANCH WITH NO FORWARD POINTER AND 
NO ADJACENT ELEMENTS 
F i g u r e  4 . 9  Tree c r e a t e d  from d a t a  s t r u c t u r e  o f  F i g u r e  4 . 8 .  
Ord inary  b r anch  c o n s i s t s  o f  t h e  ( x , y )  l o c a t i o n  o f  i t s  
s t a r t i n g  p o i n t ,  up t o  2 forward p o i n t e r s ,  and p o i n t e r s  t o  





Figure 4.10 The four types of branch relationships. 
i n i t i a l ,  i n t e r m e d i a t e ,  and f i n a l  b r e a k p o i n t s  r e s p e c t i v e l y .  
Ends a r e  c a u s e d  by t h e  c r e a t i o n  o f  b r a n c h e s  a t  convex a n g l e s  
o f  t h e  f i g u r e  o u t l i n e .  
The a c t i o n  t a k e n  upon e n c o u n t e r i n g  e a c h  o f  t h e  b r a n c h  
r e l a t i o n s h i p s  depends  on t h e  number o f  back p o i n t e r s  p r e s e n t  
and whether  t h e  a l g o r i t h m  is moving f o r w a r d s  w i t h  t h e  a r r o w s ,  
o r  whe the r  it is moving backwards .  I f  two back  p o i n t e r s  a r e  
found i n  a  f o r k ,  a  s i d e  b r a n c h  is  p r e s e n t .  A p o i n t e r  t o  t h e  
s i d e  b r a n c h  and a  p o i n t e r  t o  t h e  incoming b r a n c h  o f  t h e  f o r k  
a r e  p l a c e d  on a s t a c k  f o r  f u t u r e  r e f e r e n c e .  I f  t h e  f o r k  was 
e n t e r e d  backwards ,  i t s  d i r e c t i o n  is  r e v e r s e d  by a s s i g n i n g  t h e  
v a l u e  o f  t h e  back p o i n t e r  t o  t h e  f o r w a r d  p o i n t e r .  
A l l  s i n k s  a r e  e n t e r e d  f o r w a r d s  and l e f t  backwards .  I f  
t h r e e  back p o i n t e r s  a r e  p r e s e n t ,  one was j u s t  e n c o u n t e r e d  upon 
e n t e r i n g  t h e  s i n k ,  a n o t h e r  is  chosen  a s  t h e  s i d e  b r a n c h  and 
p l a c e d  on t h e  s t a c k ,  and t h e  t h i r d  is r e v e r s e d  on t h e  way o u t  
o f  t h e  s i n k .  The a l g o r i t h m  p r o c e e d s  i h e  same way f o r  two back 
p o i n t e r s  i n  a  s i n k ,  e x c e p t  t h a t  no b r a n c h  is  p l a c e d  on t h e  
s t a c k .  The p r e s e n c e  o f  o n l y  one back p o i n t e r  i n  a  s i n k  
i n d i c a t e s  t h a t  no more b r a n c h e s  e x i s t  a t  t h i s  end  o f  t h e  
s k e l e t o n .  I f  t h e  s i n k  is  l o c a t e d  a t  t h e  l i p  e n d ,  t h e  m i d l i n e  
h a s  been found .  O t h e r w i s e ,  t h e  l a s t  b r a n c h  pushed  o n t o  t h e  
s t a c k  is popped o f f ,  and t h e  a l g o r i t h m  c o n t i n u e s  backwards  
down t h i s  new b r a n c h .  
Ends a r e  u s u a l l y  e n t e r e d  backwards. A s  w i t h  t h e  s i n k  
having a  s i n g l e  back p o i n t e r ,  a  new branch is popped o f f  t h e  
s t a c k .  The o n l y  way i n  which an  end is e n t e r e d  f o r w a r d s  is i f  
it happens t o  be t h e  b ranch  a t  t h e  g l o t t a l  end.  I n  t h i s  c a s e ,  
no changes  a r e  made, and t h e  a l g o r i t h m  p r o c e e d s  t o  t h e  n e x t  
b ranch .  A l l  s o u r c e s  a r e  e n t e r e d  backwards and a r e  l e f t  
f o r w a r d s .  
I f  o n l y  t h e  m i d l i n e  is of  i n t e r e s t ,  t h e  a l g o r i t h m  
d e s c r i b e d  above is  t e r m i n a t e d  a s  soon a s  t h e  l i p  end h a s  been 
found.  I f  t h e  comple te  t r e e  is d e s i r e d ,  one can  c o n t i n u e  u n t i l  
a n  end o r  a  s i n k  w i t h  o n l y  one back p o i n t e r  is found and no 
more b ranches  remain on t h e  s t a c k .  
4 . 6  Length of  t h e  m i d l i n e  and s a g i t t a l  d imens ions  
.................................................. 
The n e x t  s t e p  towards  d e t e r m i n i n g  an a r e a  f u n c t i o n  f o r  
t h e  m i d s a g i t t a l  o u t l i n e  i n v o l v e s  c a l c u l a t i n g  t h e  l e n g t h  o f  t h e  
m i d l i n e  and d i v i d i n g  it i n t o  s h o r t  s e c t i o n s .  S i n c e  p a r t s  o f  
t h e  m i d l i n e  may be s p e c i f i e d  by e l l i p s e s  o r  h y p e r b o l a s ,  t h e  
l e n g t h  must be computed by numer ica l  methods. The u s u a l  
method o f  a t t a c k  f o r  t h i s  t y p e  of  problem is t o  u s e  a  
n u m e r i c a l  i n t e g r a t i o n  fo rmula  such  a s  t h e  t r a p e z o i d a l  r u l e  o r  
S impson ' s  r u l e  a t  r e g u l a r  i n t e r v a l s  a l o n g  t h e  branch i n  o r d e r  
- t o  s o l v e  t h e  l i n e  i n t e g r a l .  Another obv ious  method t o  e x p l o r e  
is t o  s i m p l y  add t h e  E u c l i d e a n  d i s t a n c e s  between a  number of 
c l o s e l y  spaced p o i n t s  on t h e  c u r v e .  These t h r e e  t e c h n i q u e s  
2 were t r i e d  on a  p o r t i o n  of  t h e  c u r v e  y  = x . Simpson 's  r u l e  
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g a v e  t h e  most  a c c u r a t e  r e s u l t s ,  b u t  t h e  r e s u l t s  o f  t h e  
E u c l i d e a n  d i s t a n c e  method were n o t  much d i f f e r e n t .  T h e r e f o r e ,  
b e c a u s e  of  i t s  s i m p l i c i t y  and t h e  d u b i o u s  i n c r e a s e d  a c c u r a c y  
o f  S i m p s o n ' s  r u l e ,  t h e  E u c l i d e a n  d i s t a n c e  method is  used  t o  
c a l c u l a t e  t h e  l e n g t h  o f  t h e  m i d l i n e .  
M i d l i n e - l e n g t h  c a l c u l a t i o n  is  s t a r t e d  a t  t h e  p o i n t  where  
a  l i n e  c o n n e c t i n g  t h e  two l o w e s t  p o i n t s  of  t h e  v o c a l - t r a c t  
o u t l i n e  c r o s s e s  t h e  m i d l i n e ,  as shown i n  F i g u r e  4.11. When a  
p o i n t  5 mrn f rom t h e  b e g i n n i n g  h a s  been  r e a c h e d ,  a  p r e l i m i n a r y  
s a g i t t a l  d i s t a n c e  ds i s  computed and s t o r e d ,  a l o n g  w i t h  t h e  
l e n g t h  of  t h i s  s e c t i o n .  L a t e r  i n  t h e  program,  t h e  s a g i t t a l  
d i s t a n c e  w i l l  be c o n v e r t e d  t o  a c r o s s - s e c t i o n a l  a r e a ,  which 
t o g e t h e r  w i t h  t h e  s e c t i o n  l e n g t h  d e f i n e s  a  s m a l l  t u b e  t h a t  
becomes p a r t  of t h e  a r e a  f u n c t i o n .  The program c o n t i n u e s  t o  
compute s a g i t t a l  d i s t a n c e s  e v e r y  5 mm u n t i l  a  r e g i o n  boundary  
o r  a  s i d e b r a n c h  is e n c o u n t e r e d .  
The v o c a l  t r a c t  h a s  been  d i v i d e d  i n t o  t h e  f o l l o w i n g  f i v e  
r e g  i o n s  i n  o r d e r  t o  f a c i l i t a t e  t h e  - m i d s a g i t t a l - t o - a r e a  
f u n c t i o n  t r a n s f o r m a t i o n :  l a r y n x ,  p h a r y n x ,  mouth,  a l v e o l a r  
r i d g e ,  and l i p s .  F u r t h e r  d e t a i l s  a b o u t  t h e  l o c a t i o n  o f  t h e s e  
r e g i o n s  w i l l  be  g i v e n  i n  C h a p t e r  6 .  I n  o r d e r  t o  e n s u r e  t h a t  
t h e  a r e a  f u n c t i o n  is c a l c u l a t e d  a s  a c c u r a t e l y  a s  p o s s i b l e ,  no 
s e c t i o n  is a l l o w e d  t o  s t r a d d l e  a  r e g i o n  boundary .  T h e r e f o r e ,  
when a  r e g i o n  boundary  is e n c o u n t e r e d ,  a s a g i t t a l  d i s t a n c e  is  
c a l c u l a t e d  i m m e d i a t e l y  and t h e  l e n g t h  o f  m i d l i n e  t r a v e l e d  
s i n c e  t h e  l a s t  s e c t i o n  is s t o r e d  a s  t h e  s e c t i o n  l e n g t h .  I n  
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Figure 4.11 Definition of the endpoints of the vocal tract. 
o r d e r  t o  i n s u r e  t h e  a c c u r a t e  r e p r e s e n t a t i o n  o f  s i d e  c a v i t i e s ,  
a  s e c t i o n  is a l s o  n o t  p e r m i t t e d  t o  s t r a d d l e  a  s i d e b r a n c h  
j u n c t i o n .  
C a l c u l a t i o n  o f  s a g i t t a l  d i s t a n c e s  c o n t i n u e s  a t  i n t e r v a l s  
o f  5 mm or . l e s s  u n t i l  t h e  f o r w a r d  t e r m i n a t i o n  o f  t h e  v o c a l  
t r a c t  is r e a c h e d .  The d e f i n i t i o n  used  f o r  t h e  f o r w a r d  
t e r m i n a t i o n  of  t h e  v o c a l  t r a c t  is t h e  same a s  t h e  o n e  u s e d  by 
M e r m e l s t e i n  ( 1 9 7 3 ) .  A s  shown i n  F i g u r e  4 .11 ,  two l i n e s  which 
make a  90' a n g l e  w i t h  one  a n o t h e r  a r e  f i t t e d  be tween  t h e  
h o r i z o n t a l  l i n e s  o f  t h e  l i p s  s u c h  t h a t  e a c h  l i n e  f o r m s  a  45'  
a n g l e  w i t h  t h e  a p p r o p r i a t e  l i p .  The h o r i z o n t a l  l o c a t i o n  xt o f  
t h e  v o c a l - t r a c t  t e r m i n a t i o n  is  d e f i n e d  t o  be  t h e  a p e x  of  t h e  
90' a n g l e  be tween  t h e  two l i n e s .  T h i s  l o c a t i o n  is e a s i l y  
computed a s  f o l l o w s .  L e t  hl b e  t h e  v e r t i c a l  s e p a r a t i o n  o f  t h e  
l i p s  and xl b e  t h e  a v e r a g e  o f  t h e  x  v a l u e s  o f  t h e  two 
e n d p o i n t s  o f  t h e  l i p s .  Then xt  = X I  - h1/2. The a c t u a l  end  o f  
t h e  m i d l i n e  is found a t  t h e  p o i n t  where  t h e  m i d l i n e  c r o s s e s  
t h e  l i n e  x  = xt.  
The u s u a l  way o f  comput ing  t h e  s a g i t t a l  d i s t a n c e  is  t o  
s p e c i f y  a  s t r a i g h t  l i n e  no rma l  t o  t h e  m i d l i n e ,  f i n d  t h e  two 
p o i n t s  where  t h i s  l i n e  c r o s s e s  t h e  vo . ca1 - t r ac t  o u t l i n e ,  and 
compute t h e  d i s t a n c e  be tween  t h e s e  two p o i n t s  (Miller and  
F u j i m u r a ,  1 9 7 5 ) .  T h i s  t e c h n i q u e  works v e r y  w e l l  f o r  most o f  
t h e  m i d l i n e ,  b u t  t e n d s  t o  b r e a k  down n e a r  s i d e b r a n c h e s  o f  t h e  
m i d l i n e ,  a s  shown i n  F i g u r e  4.12. 
LINE NORMAL 
TO THE MIDLINE 
Figure 4.12 Finding the sagittal distance by drawing lines 
normal to the midline creates problems near side branches. 
The line which is drawn normal to the midline above gives 
an unusually large sagittal distance. 
A s i m i l a r  way of  o b t a i n i n g  s a g i t t a l  d i s t a n c e s  is by u s i n g  
symmet r i c  c h o r d s .  Symmetr ic  c h o r d s  a r e  best e x p l a i n e d  v i a  t h e  
imbedded c i r c l e  i n t e r p r e t a t i o n  o f  t h e  m e d i a l  a x i s  t r a n s f o r m  
(Blum, 1 9 7 3 ) .  For  e a c h  c i r c l e  f i t t e d  i n s i d e  t h e  f i g u r e ,  t h e  
c h o r d  is t h e  l i n e  drawn from t h e  p o i n t  of  c o n t a c t  be tween t h e  
c i r c l e  and t h e  f i g u r e  on one  s i d e  t o  t h e  p o i n t  o f  c o n t a c t  on 
t h e  o t h e r .  The c h o r d  makes e q u a l  a n g l e s  w i t h  t h e  f i g u r e  
o u t l i n e  and is a l m o s t  normal  t o  t h e  m i d l i n e  a s  d e f i n e d  by t h e  
m e d i a l  a x i s .  Maeda ( 1 9 7 2 )  u s e s  c h o r d s  a s  h i s  e s t i m a t e s  o f  
s a g i t t a l  d i s t a n c e  and d e f i n e s  t h e  m i d l i n e  t o  be t h e  l i n e  
formed by t h e  m i d p o i n t s  o f  t h e  c h o r d s .  When t h e  c e n t e r  of  t h e  
c i r c l e  is l o c a t e d  a t  t h e  j u n c t i o n  o f  a  s i d e b r a n c h  t o  t h e  
m i d l i n e ,  two c h o r d s  can  be  found between t h e  a n t e r o - i n f e r i o r  
and p o s t e r o - s u p e r i o r  b o r d e r s  o f  t h e  v o c a l  t r a c t ,  a s  shown i n  
F i g u r e  4.13. No o t h e r  c h o r d s  e x i s t  c r o s s i n g  t h e  m i d l i n e  
between t h e s e  two c h o r d s .  T h e r e f o r e ,  t h e  u s e  o f  c h o r d s  t o  
d e f i n e  t h e  m i d l i n e  c r e a t e s  d i s c o n t i n u i t i e s  i n  t h e  m i d l i n e  i n  
t h e  v i c i n i t y  of  s i d e  c a v i t i e s .  The e x c l u s i v e  u s e  o f  c h o r d s  f o r  
d e t e r m i n i n g  s a g i t t a l  d i s t a n c e  a l s o  r e s u l t s  i n  t h e  
u n d e r e s t i m a t i o n  o f  t h e  s a g i t t a l  d i s t a n c e  i n  t h e  v i c i n i t y  o f  
s i d e  c a v i t i e s .  
A t h i r d  method o f  o b t a i n i n g  s a g i t t a l  d i s t a n c e  is t o  
s i m p l y  u s e  t w i c e  t h e  r a d i u s  o f  t h e  imbedded c i r c l e s .  The 
r a d i u s  f u n c t i o n  e x i s t s  eve rywhere  a l o n g  t h e  m i d l i n e ,  is v e r y  
e a s y  t o  compute g i v e n  t h e  m i d l i n e ,  and d o e s  n o t  have  sudden  
f l u c t u a t i o n s  i n  v a l u e .  The r a d i u s  f u n c t i o n  y i e l d s  a  v a l u e  f o r  
NO FURTHER CHORDS IN THIS AREA 
+ 
AREA IGNORED BY USING CHORDS 
TO ESTIMATE SAGITTAL DISTANCE 
Figure 4.13 Problems associated with the use of symmetric 
chords to define the midline and sagittal distances. No 
further chords, and therefore no more midline points, can 
be found between the two chords of a circle located on a 
branch point. 
t h e  s a g i t t a l  d i s t a n c e  which is w i t h i n  1% o f  t h e  v a l u e  g i v e n  by 
a  l i n e  drawn normal  t o  t h e  m i d l i n e ,  a s  l o n g  a s  t h e  two s i d e s  
o f  t h e  o u t l i n e  do n o t  d i v e r g e  by more t h a n  16'. 
- 
I n  r e g i o n s  a round  s i d e  c a v i t i e s ,  t h e  r a d i u s  f u n c t i o n  o f  
t h e  m i d l i n e  u n d e r e s t i m a t e s  t h e  w i d t h  o f  t h e  f i g u r e  b e c a u s e ,  a s  
shown i n  F i g u r e  4 .14 ,  t h e  c i rc le  f i t t e d  a t  t h e  j u n c t i o n  o f  t h e  
s i d e b r a n c h  is too  l a r g e  t o  f i t  i n t o  t h e  s i d e  c a v i t y .  A s i d e  
c a v i t y  o f  t h e  s i z e  shown i n  F i g u r e  4.14 is t o o  s h o r t  t o  
i n t r o d u c e  e x t r a  p o l e s  and z e r o s  i n t o  t h e  v o c a l - t r a c t  t r a n s f e r  
f u n c t i o n  i n  t h e  f r e q u e n c y  r a n g e  o f  i n t e r e s t ,  b u t  it d o e s  t e n d  
t o  a c t  a s  a c a p a c i t i v e  l o a d  and s h o u l d  n o t  be i g n o r e d  
e n t i r e l y .  I n  o r d e r  t o  a l l e v i a t e  t h i s  p rob lem,  c o r r e c t i o n s  a r e  
made t o  t h e  s a g i t t a l  d i s t a n c e s  n e a r  s i d e  c a v i t i e s .  These  
c o r r e c t i o n s  c o n s i s t  o f  an  e f f e c t i v e  l e n g t h  f o r  t h e  c a v i t y  and 
a r e  a t t a c h e d  t o  t h e  s a g i t t a l  d i s t a n c e s  o f  t h e  m i d l i n e  s e c t i o n s  
o p p o s i t e  t h e  o p e n i n g  of  t h e  c a v i t y .  The e f f e c t i v e  l e n g t h  i s  
computed by f i r s t  o b t a i n i n g  an estimate o f  t h e  
. m i d s a g i t t a l - p l a n e  a r e a  o f  t h e  s i d e  c a v i t y  n o t  i n c l u d e d  i n  t h e  
se t  of  s a g i t t a l  d i s t a n c e s .  The a r e a  is t h e n  d i v i d e d  by t h e  
e f f e c t i v e  w i d t h  o f  t h e  c a v i t y  t o  y i e l d  t h e  e f f e c t i v e  c a v i t y  
l e n g t h .  When t h e  s a g i t t a l  d i s - t a n c e s  a r e  l a t e r  c o n v e r t e d  i n t o  
a n  a r e a  f u n c t i o n ,  t h e  e f f e c t i v e  l e n g t h  o f  t h e  c a v i t y  
d i s t r i b u t e d  o v e r  t h e  c o r r e c t  number .o f  s e c t i o n s  is c o n v e r t e d  
i n t o  t h e  c a v i t y  volume. 
WIDTH OF SIDE CAVITY 
area of side cavity 
segment of circle which overlaps with the 
area of the side cavity 
Figure 4.14 Using the radius function of the midline to 
estimate sagittal distances ignores part of the area of 
a side cavity. 
The w i d t h  o f  t h e  s i d e  c a v i t y  is e s t i m a t e d  by f i n d i n g  t h e  
d i s t a n c e  be tween t h e  two p o i n t s  where t h e  c i r c l e  t o u c h e s  t h e  
w a l l s  o f  t h e  s i d e  c a v i t y .  The area o f  t h e  s i d e  c a v i t y  i n  t h e  
m i d s a g i t t a l  p l a n e ,  shown i n  F i g u r e  4.14,  is e s t i m a t e d  a s  t h e  
a r e a  of  t h e  polygon d e f i n e d  by t h e  b e g i n n i n g  l o c a t i o n s  o f  t h e  
e l e m e n t s  o f  t h e  s i d e  c a v i t y  and t h e  l i n e  r e p r e s e n t i n g  i t s  
w i d t h .  The p o r t i o n  o f  t h i s  a r e a  r e p r e s e n t e d  by t h e  segment  o f  
t h e  c i r c l e  h a v i n g  t h e  b r a n c h  w i d t h  a s  i t s  c h o r d  was a l r e a d y  
i n c l u d e d  i n  t h e  set  o f  s a g i t t a l  d i s t a n c e s  and is t h e r e f o r e  
s u b t r a c t e d  from t h e  c a v i t y  a r e a .  The f o l l o w i n g  p r o c e d u r e  is 
used  t o  i n c o r p o r a t e  t h e  r e m a i n i n g  a r e a  i n t o  t h e  s a g i t t a l  
d i s t a n c e s  o f  t h e  m i d l i n e .  ~ h & '  l e n g t h  o f  t h e  m i d l i n e  s e c t i o n  
e n d i n g  a t  t h e  b r a n c h  is s u b t r a c t e d  from t h e  w i d t h  o f  t h e  
c a v i t y .  I f  t h e  r e m a i n i n g  w i d t h  is g r e a t e r  t h a n  1/2 t h e  
s e c t i o n  l e n g t h ,  t h e n  t h e  l e n g t h  o f  t h e  n e x t  s e c t i o n  is 
s u b t r a c t e d  from t h e  w i d t h ,  t h e n  t h e  l e n g t h  o f  t h e  p r e v i o u s  
- 
s e c t i o n ,  and s o  o n ,  u n t i l  t h e  t o t a l  l e n g t h  o f  t h e s e  s e c t i o n s  
is  comparab le  t o  t h e  w i d t h  o f  t h e  s i d e  c a v i t y .  The a r e a  o f  
t h e  s i d e  c a v i t y  is d i v i d e d  by t h e  t o t a l  l e n g t h  o f  t h e  s e c t i o n s  
t o  o b t a i n  an e s t i m a t e  of  t h e  l e n g t h  of  t h e  c a v i t y  n o t  i n c l u d e d  
i n  t h e  p r e v i o u s l y  c a l c u l a t e d  s a g i t t a l  d i s t a n c e s .  T h i s  r e s i d u a l  
l e n g t h  dc i s  t h e n  s t o r e d  i n  a  t h i r d  a r r a y  a l o n g  w i t h  t h e  
l e n g t h  and s a g i t t a l  d i s t a n c e  o f  t h e  s e c t i o n s  a p p r o x i m a t i n g  t h e  
w i d t h  o f  t h e  s i d e  c a v i t y .  The " c a v i t y  l e n g t h "  is k e p t  s e p a r a t e  
f rom t h e  s a g i t t a l  d i s t a n c e s  i n  o r d e r  t o  f a c i l i t a t e  c e r t a i n  
s a g  i t t a l - t o - a r e a  t r a n s f o r m a t i o n s ,  t o  be d e s c r i b e d  i n  
C h a p t e r  6 .  
4.7 D i s c u s s i o n  
--------------- 
C a l c u l a t i o n  o f  t h e  m e d i a l  a x i s  t r a n s f o r m  h a s  a  number o f  
a d v a n t a g e s  o v e r  t h e  ad hoc t e c h n i q u e s  used  i n  t h e  p a s t  f o r  
f i n d i n g  v o c a l - t r a c t  m i d l i n e s .  A s  men t ioned  i n  t h e  f i r s t  
s e c t i o n ,  t h e  m e d i a l  a x i s  a v o i d s  t h e  e x a g g e r a t i o n  o f  m i d l i n e  
l e n g t h  t h a t  o c c u r s  when t h e  g r i d  method o f  comput ing  t h e  
m i d l i n e  e n c o u n t e r s  a  s i d e  c a v i t y .  The s i d e  b r a n c h e s  o f  t h e  
m e d i a l  a x i s  warn o f  r e g i o n s  where t h e  o l d e r  m i d l i n e  a l g o r i t h m s  
u s i n g  imbedded c i r c l e s  may d e v e l o p  p rob lems .  The t e c h n i q u e  
used  by Maeda (1972)  o f  f i n d i n g  s a g i t t a l  d i s t a n c e s  w i t h  c h o r d s  
and d e f i n i n g  t h e  m i d l i n e  a s  t h e  m i d p o i n t s  o f  t h e s e  c h o r d s  c a n  
r u n  i n t o  p rob lems  n e a r  b r a n c h e s  b e c a u s e  c h o r d s  do  n o t  e x i s t  i n  
c e r t a i n  r e g i o n s  a round  b r a n c h e s  (Blum, 1 9 7 3 ) .  The method o f  
Miller and F u j  imura (1975)  o f  f i n d i n g  s a g i t t a l  d i s t a n c e s  by 
d rawing  l i n e s  normal  t o  t h e  m i d l i n e  a l s o  r u n s  i n t o  t r o u b l e  
n e a r  b r a n c h e s  b e c a u s e  t h e  d i r e c t i o n  o f  t h e  m i d l i n e  c h a n g e s  
s h a r p l y  a t  t h e  j u n c t i o n  o f  a  b r a n c h .  S i d e  b r a n c h e s  a l s o  warn 
a b o u t  t h e  p r e s e n c e  o f  s i d e  c a v i t i e s  i n  t h e  v o c a l  t r a c t .  When 
one  o f  t h e s e  b r a n c h e s  is e n c o u n t e r e d  d u r i n g  t h e  c o m p u t a t i o n  o f  
s a g i t t a l  d i s t a n c e s ,  i t s  l e n g t h  c a n  be checked  t o  d e t e r m i n e  
whe the r  t h e  s i d e  c a v i t y  w i l l  i n t r o d u c e  e x t r a  p o l e s  and  z e r o s .  
Another  a d v a n t a g e  of  u s i n g  t h e  m e d i a l  a x i s  t r a n s f o r m  t o  
f i n d  m i d l i n e s  i n s t e a d  o f  u s i n g  an  ad hoc  method is  t h a t  t h e  
m e d i a l  a x i s  t r a n s f o r m  c a n  be a p p l i e d  t o  g e n e r a l  f i g u r e s ,  and 
n o t  j u s t  t o  v o c a l - t r a c t  o u t l i n e s  o f  a  s p e c i f i c  s h a p e .  The o n l y  
c o n s t r a i n t s  p l aced  on t h e  f i g u r e  by t h e  a l g o r i t h m  g iven  i n  
S e c t i o n  4.3 a r e  t h a t  t h e  f i g u r e  be s imply  connected  and t h a t  
i t  c o n s i s t  on ly  of s t r a i g h t  l i n e s  and c i r c u l a r  a r c s .  The 
m o d u l a r i t y  a f f o r d e d  by t h i s  ar rangement  makes it e a s y  t o  
accommodate t h e  v a r i o u s  s i z e s  of  v o c a l  t r a c t s  encounte red  f o r  
d i f f e r e n t  ages .  I t  is a l s o  p o s s i b l e  t o  exper iment  w i th  
d i f f e r e n t  forms of  v o c a l - t r a c t  o u t l i n e s  w i t h o u t  having t o  
c o n t i n u o u s l y  change and debug a l l  of  t h e  programs r e l a t i n g  t o  
t h e  c a l c u l a t i o n  of  t h e  m i d l i n e  and a r e a  f u n c t i o n .  
The knowledge ga ined  by o t h e r s  i n  t h e  development of 
e f f i c i e n t  methods f o r  computing t h e  media l  a x i s  was ex t r eme ly  
u s e f u l  i n  d e r i v i n g  an  e f f i c i e n t  m id l i ne - f i nd ing  a lgo r i t hm.  A s  
no ted  p r e v i o u s l y ,  t h e  computer program of t h e  a l g o r i t h m  
d e s c r i b e d  i n  s e c t i o n  4.3 cou ld  have b e n e f i t e d  from a  number of 
improvements.  N e v e r t h e l e s s ,  t h e  s t o r a g e  r e q u i r e d  f o r  t h e  
program and t h e  d a t a  was o n l y  abou t  12,000 words,  w h i c h  is 
c o n s i d e r a b l y  l e s s  t h a n  would be r e q u i r e d  t o  s t o r e  t h e  f i g u r e  
on a 1 0 0 0  by 1 0 0 0  p o i n t  g r i d .  The  l i m i t e d  number of  i t e r a t i o n s  
r e q u i r e d  du r ing  t h e  con tou r  s h r i n k i n g  of S t a g e  3 o f  t h e  
a l g o r i t h m  a l s o  l e a d s  t o  a  v e r y  f a s t  a l go r i t hm.  The program 
t y p i c a l l y  r e q u i r e s  abou t  400 msec t o  compute a  media l  a x i s  and 
an a r e a  f u n c t i o n .  
However, t h e  program is n o t  w i thou t  f a u l t s .  I n  o r d e r  f o r  
t h e  a l g o r i t h m  t o  succeed ,  it must f i n d  a l l  v a l i d  b r e a k p o i n t s .  
I f  a s i n g l e  v a l i d  b r eakpo in t  is missed ,  o r  i f  an  i n v a l i d  one 
is  a c c e p t e d ,  t h e  a l g o r i t h m  f a i l s .  S ince  t h e  a l g o r i t h m  r e q u i r e s  
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a  l a r g e  amount of  f l o a t i n g  p o i n t  computa t ion ,  roundof f  e r r o r s  
can sometimes l e a d  t o  f a l s e  r e j e c t i o n  of  b r e a k p o i n t s .  
T h e r e f o r e ,  a l l  d e c i s i o n s  c o n c e r n i n g  t h e  v a l i d i t y  of 
b r e a k p o i n t s  a r e  made u s i n g  t o l e r a n c e s  which s l i g h t l y  f a v o r  t h e  
a c c e p t a n c e  of t h e  b r e a k p o i n t .  Whether t h e s e  t o l e r a n c e s  have 
been s e t  c o r r e c t l y  t o  d i f f e r e n t i a t e  between v a l i d  and i n v a l i d  
b r e a k p o i n t s  remains  t o  be s e e n .  A t  t h e  p r e s e n t  t i m e ,  
a p p r o x i m a t e l y  500 m e d i a l  a x e s  have  been computed, and t h e  
a l g o r i t h m  has  f a i l e d  a b o u t  10 times, u s u a l l y  when t h e  o u t l i n e  
o f  t h e  f i g u r e  c o n t a i n s  s e v e r a l  e x t r e m e l y  s h o r t  l i n e  segments  
i n  t h e  v i c i n i t y  of  t h e  t i p  of t h e  tongue.  A s l i g h t  movement of 
t h e  tongue has  a lways  s o l v e d  t h e  problem. 
CHAPTER 5 
AREA-FUNCTION AND FORMANT-FREQUENCY COMPUTATION 
5 . 1  D e t e r m i n a t i o n  o f  t h e  a r e a  f u n c t i o n  
....................................... 
The a l g o r i t h m  p r e s e n t e d  i n  C h a p t e r  4 computes  t h e  l e n g t h  
o f  t h e  m i d l i n e  of  t h e  v o c a l  t r a c t ,  d i v i d e s  it i n t o  a  number o f  
s e c t i o n s  o f  l e n g t h  5 mm o r  less,  d e t e r m i n e s  t h e  s a g i t t a l  
d i s t a n c e  ds f o r  e a c h  s e c t i o n  and a  s i d e - c a v i t y  l e n g t h  dc. I n  
o r d e r  t o  a r r i v e  a t  an  a r e a  f u n c t i o n ,  d, and  dc must  be 
c o n v e r t e d  i n t o  c r o s s - s e c t i o n a l  a r e a s ,  The f o r m u l a  used  f o r  t h e  
c o n v e r s i o n  of e a c h  dS and dc p a i r  i n t o  a n  a r e a  d e p e n d s  on t h e  
v o c a l - t r a c t  r e g i o n  from which t h e  p a i r  o r i g i n a t e d .  
The v o c a l  t r a c t  h a s  been d i v i d e d  i n t o  f i v e  r e g i o n s :  t h e  
l a r y n x ,  t h e  pha rynx ,  t h e  h a r d  p a l a t e ,  t h e  a l v e o l a r  r i d g e ,  and 
t h e  l i p s .  Dur ing  t h e  g e n e r a t i o n  o f  t h e  d a t a  s t r u c t u r e  
s p e c i f y i n g  t h e  o u t l i n e  o f  t h e , v o c a l  t r a c t ,  a  t a g  is a t t a c h e d  
t o  e a c h  e l e m e n t  o f  t h e  p o s t e r o - s u p e r i o r  b o r d e r  i n d i c a t i n g  t h e  
r e g i o n  o f  t h a t  e l e m e n t ,  a s  shown i n  F i g u r e  5 . 1 .  By 
d e f i n i t i o n ,  t h e  m i d l i n e  is t h e  l o c u s  of  c e n t e r s  o f  c i r c l e s  
whose p e r i m e t e r s  a r e  t a n g e n t  t o  b o t h  t h e  a n t e r o - i n f e r i o r  and 
p o s t e r o - s u p e r i o r  b o r d e r s  o f  t h e  v o c a l  t r a c t .  The r e g i o n  o f  t h e  
v o c a l  t r a c t  a s s o c i a t e d  w i t h  t h e  e l e m e n t  o f  t h e  p o s t e r - s u p e r i o r  
o u t l i n e  t h a t  is t o u c h e d  by one o f  t h e s e  imbedded c i r c l e s  
becomes t h e  r e g i o n  a s s o c i a t e d  w i t h  t h e  s e c t i o n  o f  t h e  m i d l i n e  
t h a t  c o n t a i n s  t h e  c e n t e r  of  t h e  c i r c l e ,  F i g u r e  5 . 1  shows t h e  
way t h e  f i v e  r e g i o n s  a r e  a s s o c i a t e d  w i t h  a  v o c a l - t r a c t  
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Figure 5.1 Regions of the vocal tract. The letters outside 
tne vocal-tract outline show the assignment of regions to the 
elements of the postero-superior outline. The letters inside 
the outline show the resulting region affiliations of the 
various parts of the midline. 
m i d l i n e .  
Because  of  a  s l i g h t  t a p e r i n g  o f  t h e  c r o s s - s e c t i o n a l  a r e a  
o f  t h e  pharynx from i ts  upper  end t o  its lower  e n d ,  it was 
found c o n v e n i e n t  t o  compute t h e  a r e a  f u n c t i o n  s t a r t i n g  a t  t h e  
l i p  end and moving toward  t h e  pharynx.  Formulas  f o r  t h e  
of ds and dc p a i r s  t o  t h e  a r e a s  Ai f o r  e a c h  r e g i o n  
a r e  ' g i v e n  be low,  b e g i n n i n g  a t  t h e  l i p s .  
5 .1 .1  L i p  
Fromkin (1964)  o b s e r v e d  t h a t ,  t o  a  f i r s t  a p p r o x i m a t i o n ,  
l i p  p r o t r u s i o n  c a n  be p r e d i c t e d  from t h e  w i d t h  o f  t h e  mouth 
open ing  i n  a  l i n e a r  f a s h i o n .  S i n c e  l i p  p r o t r u s i o n  is a n  i n p u t  
v a r i a b l e  i n  t h e  v o c a l - t r a c t  model ,  it is more u s e f u l  t o  
p r e d i c t  w i d t h  from l i p  p r o t r u s i o n .  T h e r e f o r e ,  F r o m k i n ' s  d a t a  
was used  t o  d e r i v e  t h e  r e l a t i o n  
where WL is t h e  t o t a l  w i d t h  o f  t h e  l i p s ,  Lh is  t h e  h o r i z o n t a l  
d i s p l a c e m e n t  o f  t h e  l i p s  i n  t h e  m i d s a g i t t a l  p l a n e  and W is 
0 
t h e  n e u t r a l  w i d t h  o f  t h e  l i p  o p e n i n g  w i t h o u t  a c t i v e  l i p  
r o u n d i n g  o r  s p r e a d i n g .  For / & / ,  /I/, /Q/, /e/, and A ,  t h e  
vowe l s  most  l i k e l y  t o  s a t i s f y  t h e  n e u t r a l  c o n d i t i o n  o f  Lh=(j l  
F r o m k i n ' s  d a t a  show an  a v e r a g e  W, o f  3 7 . 5  mrn. S i n c e  t h e  w i d t h  
o f  t h e  a v e r a g e  a d u l t  p a l a t e  i s  3 3  mm (PALWI, T a b l e  2 . 1 5 ) ,  wo 
is t a k e n  t o  be 1.12*PALWI. L i p  a r e a  is computed a s  t h e  a r e a  o f  
a n  e l l i p s e  h a v i n g  wL a s  one  a x i s  and ds + d, a n  t h e  o t h e r  , 
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a x i s ,  g i v i n g  
5.1.2 A l v e o l a r  r i d g e  
I n  t h e  a l v e o l a r  r e g i o n  and . t h e  h a r d - p a l a t e  r e g i o n ,  a  
s i d e b r a n c h  is u s u a l l y  due  t o  t h e  c a v i t y  c r e a t e d  w i t h i n  t h e  
a r c h  of t h e  lower jaw when t h e  tongue  is  r e t r a c t e d .  T h e r e f o r e ,  
i n  t h e s e  r e g i o n s ,  t h e  a r e a  c o n t r i b u t e d  by dc ,  if p r e s e n t ,  i s  
computed s e p a r a t e l y  and t h e n  added t o  t h e  a r e a  r e s u l t i n g  from 
ds.  his s i d e - c a v i t y  a r e a ,  A,, is computed u s i n g  t h e  fo rmula  
1 . 5  Ac = kd, 
where t h e  f a c t o r  k is g i v e n  by 
k = 2 PALWI 
PALWI ( T a b l e  2.15) is t h e  width  of  t h e  p a l a t e  between t h e  
i n s i d e s  of t h e  mola r s .  PALHIT ( T a b l e  2.13) is t h e  h e i g h t  of 
t h e  p a l a t e  t o  t h e  b o r d e r  of t h e  t e e t h  o r  gums. T h i s  fo rmula  is  
t h e  same a s  t h e  one used t o  r e p r e s e n t  t h e  a r e a  under t h e  a r c h  
o f  t h e  ha rd  p a l a t e .  F u r t h e r  d e t a i l s  a b o u t  i t s  o r i g i n s  w i l l  be 
g i v e n  i n  s e c t i o n  5.1.3.  
Depending on t h e  d i s t a n c e  between t h e  d o r s a l  s u r f a c e  o f  
t h e  t o n g u e  and t h e  a l v e o l a r  r i d g e ,  t h e  a r e a  o f  t h e  main 
c a v i t y ,  A s ,  is g i v e n  by e i t h e r  a  r e c t a n g l e  o r  t h e  sum of two 
r e c t a n g l e s ,  a s  shown i n  F i g u r e  5.2.  The w i d t h  o f  t h e  upper  
r e c t a n g l e ,  which is  a p p r o x i m a t e l y  t h e  d i s t a n c e  be tween t h e  
upper  c a n i n e  t e e t h ,  is a p p r o x i m a t e l y  e q u a l  t o  h a l f  t h e  w i d t h  
o f  t h e  p a l a t e ,  PALWI. The h e i g h t  o f  t h e  r e c t a n g l e  is e i t h e r  
ds o r  t h e  h e i g h t  of t h e  t e e t h ,  wh icheve r  is s m a l l e r .  The 
h e i g h t  of t h e  t e e t h ,  h t ,  is assumed t o  be  0  f o r  c h i l d r e n  under  
9 months ,  3 mm f o r  c h i l d r e n  o f  a g e s  9 months t o  7 y e a r s ,  and 
5 mrn f o r  a l l  o v e r  t h e  a g e  o f  7 ( S i c h e r ,  1 9 6 5 ) .  A v a l u e  o f  ds 
g r e a t e r  t h a n  t h e  h e i g h t  o f  t h e  t e e t h  i m p l i e s  t h a t  t h e  t o n g u e  
h a s  broken  c o n t a c t  w i t h  t h e  t e e t h ,  t h u s  c r e a t i n g  a  sudden  
i n c r e a s e  i n  c r o s s - s e c t i o n a l  a r e a .  The t e e t h  a r e  assumed t o  be 
5 mm wide t h r o u g h o u t  t h e  o r a l  c a v i t y ,  t h e r e b y  c r e a t i n g  a  1 0  mm 
i n c r e a s e  i n  w i d t h  from t h e  upper  r e c t a n g l e  t o  t h e  lower  
r e c t a n g l e  of  F i g u r e  5.2.  
The c r o s s - s e c t i o n a l  a r e a  i n  t h e  a l v e o l a r - r i d g e  r e g i o n  is 
summarized by t h e  f o l l o w i n g  e q u a t i o n s .  
d s p ~ ~ w 1 / 2  d~ < h t  
As = 1 
h t p ~ L w 1 / 2  + (ds  - h t ) 1 0  mrn ds > ht 
0 a g e  < 9 months 
h t  = 3 mm 9 months < a g e  < 7 y e a r s  
a g e  > 7 y e a r s  
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Figure 5.2 Determination of area in the alveolar region. 
The shaded area in the upper figure corresponds to the area 
AS computed from the sagittal distance dS. If no side 
cavity is present, as indicated by dc=O, then the straight 
line forming the lower border of the shaded area represents 
the dorsal tongue surface. 1f.a side cavity is present, 
then its area Ac is the shaded area of the lower figure. 
The fo rmulas  g iven  above a r e  s i m i l a r  t o  t h e  ones  used by 
Mermels te in  (1973) f o r  t h e  a l v e o l a r  r e g i o n ,  d i f f e r i n g  mainly  
by t h e i r  dependence on age  and s e x .  Also ,  s i n c e  Mermelstein 
d i d  no t  have a v a i l a b l e  t h e  i n fo rma t ion  abou t  l e n g t h  of s i d e  
c a v i t i e s ,  he cou ld  n o t  t r e a t  them s e p a r a t e l y  from t h e  
c a l c u l a t i o n  of t h e  main c a v i t y .  
5.1.3 Hard p a l a t e  
------------------ 
I n  t h e  p a s t ,  most r e s e a r c h e r s  have used a  formula  of t h e  
t y p e  ~ = k d z  f o r  c o n v e r t i n g  s a g i t t a l  d i a e n s i o n s  t o  a r e a s  i n  t h e  
. 
h a r d - p a l a t e  reg  ion .  Sundberg (1969) p r e s e n t e d  ev idence  t h a t  
t h e  same v a l u e s  f o r  k and p  can be used th roughout  t h e  mouth. 
I f  p=1.5 and k = 2 ~ / 3 f i ,  t h i s  formula  r e p r e s e n t s  t h e  a r e a  
bounded by a  p a r a b o l a  and a  l i n e  normal t o  i t s  a x i s  of 
symmetry, t h e  p a r a b o l a  having wid th  W and dep th  h  a t  t h e  
p o i n t s .  of i n t e r s e c t i o n .  I n  o r d e r  t o  i n v e s t i g a t e  how c l o s e l y  
t h e  a r c h  of t h e  ha rd  p a l a t e  matches a  p a r a b o l a ,  s e v e r a l  
measurements were made on a  s e t  of s i x  p l a s t e r  c a s t s  of t h e  
ha rd  p a l a t e  used by P e r k e l l  (1979) i n  a  pa l a tog raphy  s t u d y  and 
one used by Heinz and S t evens  (1964 ) .  A c o r o n a l  s l i c e  of  each 
c a s t  was made a t  app rox ima te ly  t h e  l o c a t i o n  of t h e  s i x -yea r  
mo la r s .  The c r o s s - s e c t i o n a l  a r e a  under t h e  a r c h  o f  t h e  p a l a t e  
was measured,  when p o s s i b l e ,  a t  s a g i t t a l  d i s t a n c e s  dS o f  5 ,  
1 0 ,  15 ,  and 20 mrn, a s  shown i n  F igu re  5.3. Values  f o r  k and p  
computed f o r  each p a l a t e  a r e  l i s t e d  i n  Tab le  5.1. The l a r g e  
F i g u r e  5.3 Measurement  of a r e a  u n d e r  t h e  a r c h  of t h e  h a r d  
p a l a t e  a t  a  d i s t a n c e  of 1 0  n?m. 
T a b l e  5 . 1  V a l u e s  o f  k and p  f o r  s e v e n  s u b j e c t s  f o r  t h e  
r e l a t i o n s h i p  ~ = k d E ,  where A is t h e  c r o s s - s e c t i o n a l  a r e a  
be tween  t h e  a r c h  o f  t h e  h a r d  p a l a t e  and a  h o r i z o n t a l  l i n e  
l o c a t e d  a t  a  d i s t a n c e  dS from t h e  h i g h e s t  p o i n t  on t h e  a r c h .  
SUBJECT NUMBER 
1 2 3 4  5  6  7 
k i n  mrn 3.8 6 .7  8 . 1  7.8 6.3 5 .4  7 . 7  
P 1 . 6  1 .5  1 . 5  1 .4  1 .4  1 .6  1 . 4  
v a r i a t i o n  from one p a l a t e  t o  a n o t h e r  expec t ed ,  s i n c e  
P e r k e l l  chose  h i s  s u b j e c t s  t o  r e p r e s e n t  ex t remes  of deep  and 
f l a t  p a l a t e s .  F igu re  5.4 shows log- log p l o t s  of t h e  p a l a t e  
a r e a s  v e r s u s  ds t o g e t h e r  w i t h  a  log-log p l o t  of  t h e  
r e l a t i o n s h i p  ~ = k d i * ~ ,  where k = 2PALWI/3JPALHIT f o r  a d u l t  men 
(Tab l e s  2.15 and 2 .13) .  Although t h e  p a r a b o l a  does  n o t  
n e c e s s a r i l y  p r o v i d e  t h e  b e s t  e s t i m a t e  of c r o s s - s e c t i o n a l  a r e a  
under t h e  hard  p a l a t e ,  it appea r s  t o  be r e a s o n a b l y  a c c u r a t e  
g i v e n  t h e  v a r i a t i o n  from one pe r son  t o  a n o t h e r .  
A s  i n  t h e  a l v e o l a r  r e g i o n ,  t h e  a r e a  f u n c t i o n  i n  t h e  mouth 
r e g i o n  e x p e r i e n c e s  a  r a p i d  change when t h e  tongue b r eaks  
c o n t a c t  wi th  t h e  t e e t h .  The width  of t h e  mouth sudden ly  
i n c r e a s e s  10 mm and t h e n  remains  c o n s t a n t  w i th  i n c r e a s i n g  
d i s t a n c e  ds 
Any s i d e  c a v i t y  i n  t h e  h a r d - p a l a t e  r e g i o n ,  i f  p r e s e n t ,  is 
a s s o c i a t e d  w i th  t h e  space  w i t h i n  t h e  a r c h  of  t h e  lower jaw. 
T h i s  space  is t r e a t e d  by t h e  model a s  a  m i r r o r  image of t h e  
space  under t h e  hard  p a l a t e ,  as  shown i n  F i g u r e  5.5. 
I n  summary, t h e  fo rmulas  used by t h e  model f o r  f i n d i n g  
c r o s s - s e c t i o n a l  a r e a s  i n  t h e  ha rd -pa l a t e  r e g i o n  a r e  
Figure 5.4 Cross-sectional area under the hard palate 
versus distance from the top of the hard-palate arch for 
seven adult subjects, represented by the symbols A, a, o f  
r, 0, m, and x. The straight line represents the relation 
A = kdio5 where k = PALW1 = 5.7 m4 for adult men. 3 PALHIT 
WIDTH OF TEETH = 5mm 
\ HARD PALATE 
MAIN CAVITY r' 
SIDE CAVITY 
LOWER JAW 
Figure 5.5 Determination of area in the hard-palate region. 
The shaded area in the upper figure corresponds to the area 
As computed from the sagittal distance d . If no side 
cavity is present, as indicated by dc=Orsthen the straight 
line forming the lower border of the shaded area represents 
the dorsal tongue surface. If a side cavity is present, 
then its area Ac is the shaded area of the lower figure. 
hhp = PALHIT + ht 
Values f o r  the  he igh t  of the  t e e t h ,  h t ,  were given i n  
s e c t i o n  5.1.2. 
5.1.4 Pharynx 
Data on the  c ross - sec t iona l  a r e a s  i n  t h e  pharynx a r e  
cons iderably  l e s s  r e l i a b l e  than d a t a  on t h e  hard p a l a t e  f o r  
two reasons: the  pharynx is l e s s  a c c e s s i b l e  than t h e  mouth and 
is bounded mainly by s o f t  t i s s u e ,  not bony s t r u c t u r e s .  
Estimates of maximum l a t e r a l  pharynx w i d t h  fo r  a d u l t  men vary 
from 30 mm (Heinz and Stevens,  1964) t o  60 mm (Ladefoged, e t  
a l .  1971) .  Some of t h i s  v a r i a t i o n  may be due t o  s i z e  
d i f f e r e n c e s  between people,  but some can a l s o  be explained by 
the  methods of d a t a  c o l l e c t i o n .  The value used by Heinz and 
Stevens was derived from anatomical a t l a s e s  and t h e r e f o r e  
presumably came from cadavers with t h e  a s soc ia ted  problems of 
a t rophied  t i s s u e .  The d a t a  of Ladefoged came from a  c a s t  of 
the  vocal t r a c t  of a  l i v i n g  s u b j e c t .  I t  is p o s s i b l e  t h a t  the  
in t roduc t ion  of the  impression mate r i a l  i n t o  the  pharynx 
placed pressure  on t h e  pharyngeal wa l l s ,  t h u s  forc ing  them 
s l i g h t l y  outward. By comparison, K i m  (1967) reported a  pharynx 
w i d t h  of 42  t o  50 mm i n  an antero-pos ter ior  c ineradiographic  
s tudy of a  s i n g l e  a d u l t  male. Fant (1960) found a  pharynx of 
a p p r o x i m a t e l y  40 mm i n  h i s  x- ray  s t u d y  of  R u s s i a n  vowels .  
Another  a r e a  o f  d i s p u t e  c o n c e r n s  t h e  t y p e  o f  f o r m u l a  t o  
b e  used  f o r  c o n v e r t i n g  s a g i t t a l  d i s t a n c e s  t o  a r e a s  i n  t h e  
pharynx r e g i o n .  Heinz and S t e v e n s  (1964)  computed t h e  a r e a  o f  
t h e  pharynx a s  t h e  a r e a  o f  a n  . e l l i p s e  h a v i n g  t h e  s a g i t t a l  
d i s t a n c e  a s  i ts minor  a x i s .  However, t omograph ic  d a t a  examined 
by Sundberg (1969)  and f i b e r s c o p e  d a t a  t a k e n  by L i n d q v i s t  and 
Sundberg  (1971)  i n d i c a t e  t h a t  t h e  l a t e r a l  w i d t h  o f  t h e  pha rynx  
v a r i e s  from one vowel t o  a n o t h e r .  S u n d b e r g ' s  d a t a  i n d i c a t e  
t h a t ,  e x c e p t  f o r  vowe l s  w i t h  e x t r e m e l y  l a r g e  s a g i t t a l  
d i s t a n c e s ,  s u c h  a s  i f  a r e a s  i n  t h e  pha rynx  c a n  be 
approx ima ted  from t h e  s a g i t t a l  d i s t a n c e  by t h e  f o r m u l a  
~ = k d l * ~ ,  k.2.225 cm', o r  k=7.17 m'. T h i s  v a l u e  o f  k is a b o u t  S 
25% l a r s e r  t h a n  t h e  v a l u e  f o r  k i n  t h e  h a r d - p a l a t e  r e g i o n  f o r  
a d u l t  men. I t  r e f l e c t s  t h e  sudden  f l a t t e n i n g  of  t h e  p a l a t a l  
a r c h  between t h e  h a r d  p a l a t e  and t h e  s o f t  p a l a t e  a t  t h e  
p o s t e r i o r  margin  o f  t h e  t e e t h  and uppe r  jaws.  M e r m e l s t e i n ,  
. 
c i t i n g  L a d e f o g e d ' s  d a t a ,  a l s o  u s e s  a  25% i n c r e a s e  i n  k f rom 
h a r d  p a l a t e  t o  s o f t  p a l a t e .  
One r e m a i n i n g  q u e s t i o n  is whether  t h e  pha rynx  m a i n t a i n s  
t h e  same w i d t h  from i ts  uppe r  b o r d e r  t o  i ts  lower b o r d e r  f o r  a  
c e r t a i n  s a g i t t a l  d i s t a n c e .  Again ,  t h e  c a d a v e r  d a t a  t e n d  t o  
c o n f l i c t  w i t h  d a t a  f rom l i v i n g  s u b j e c t s .  A c a s t  from t h e  
c a d a v e r  of an a d u l t  male  v o c a l  t r a c t  made by Edmund S. C r e l i n  
o f  Yale  U n i v e r s i t y ,  showed a  pharynx w i d t h  t h a t  t a p e r e d  from 
55 mm a t  its upper  end t o  25 rnm a t  t h e  e n t r a n c e  o f  t h e  l a r y n x  
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t u b e .  The d a t a  of  Heinz and S t e v e n s  ( 1 9 6 4 ) ,  t a k e n  from 
a n a t o m i c a l  a t l a s e s ,  t a p e r e d  from 30  mm t o  20  mm o v e r  t h e  same 
range .  However, t h e  c i n e r a d i o g r a p h i c  f i l m  made by K i m  (1967) 
shows a  pharynx w i t h  uni form wid th  from t o p  t o  bot tom w h i l e  
L a d e f o g e d ' s  v o c a l - t r a c t  c a s t  d e c r e a s e s  from 60 mm t o  a b o u t  
55 mm. F a n t ' s  (1960) a r e a  f u n c t i o n s  f o r  ~ u s s i a n  vowels  seem t o  
be  based on a  pharynx hav ing  uni form wid th  from t o p  t o  bot tom 
f o r  a  f i x e d  s a g i t t a l  d i s t a n c e .  L i n d q v i s t  and Sundberg (1971) 
r e p o r t e d  a  c o n s i d e r a b l y  g r e a t e r  amount of  t a p e r i n g ,  b u t  it is 
u n c l e a r  e x a c t l y  where i n  t h e  v o c a l  t r a c t  t h e i r  measurements  
were made. 
. 
For l a c k  of  more s o l i d  d a t a ,  a  s m a l l  amount of  t a p e r i n g  
was used f o r  t h e  a r e a  c o m p u t a t i o n s  i n  t h e  pharynx ,  a s  
e x p r e s s e d  i n  t h e  f o l l o w i n g  fo rmulas .  
- ki - 2(1.25 PALWI - 0.15 dD,) 
- 
3 m  
dph is t h e  d i s t a n c e  of  s e c t i o n  i from t h e  j u n c t i o n  of t h e  
h a r d - p a l a t e  and pharynx r e g i o n s .  For an adu l t -male  v o c a l  
t r a c t ,  t h e  t o t a l  l e n g t h  of t h e  pharynx r e g i o n  is  a b o u t  40  mm. 
The formula  f o r  k i  t h e r e f o r e  p r o v i d e s  a  t a p e r i n g  of  a b o u t  5 mm 
i n p h a r y n x w i d t h  from i t s  upper t o  i ts lower end f o r  a  
s a g i t t a l  d i s t a n c e  of  16 m m ,  c o n s i s t e n t  w i t h  t h e  Ladefoged 
d a t a .  
5.1 .5  Larynx 
The d e t e r m i n a t i o n  o f  a reas  i n  t h e  l a r y n x  r e g i o n  becomes 
a l m o s t  s h e e r  s p e c u l a t i o n  b e c a u s e  o f  t h e  a b s e n c e  o f  any  d a t a  
o t h e r  t h a n  t h o s e  d e r i v e d  from c a d a v e r s .  The small amount of  
d a t a  a v a i l a b l e  i n d i c a t e  t h a t  t h e  l a t e r a l  w i d t h  o f  t h e  l a r y n x  
t u b e  is r o u g h l y  c o r r e l a t e d  w i t h  t h e  l e n g t h  o f  t h e  v o c a l  c o r d s ,  
a s  can  be  s e e n  from T a b l e  5 .2 .  The model t h e r e f o r e  c a l c u l a t e s  
a r e a  i n  t h e  l a r y n x  by t h e  f o r m u l a  
Ai = LENVC (ds  + .dc) T/4  
where  LENVC is t h e  l e n g t h  o f  t h e  v o c a l  c o r d s  ( T a b l e  2 . 1 0 ) .  
5 - 2  C a l c u l a t i o n  o f  f o r m a n t  f r e q u e n c i e s  
....................................... 
Formant f r e q u e n c i e s  were c a l c u l a t e d  from t h e  a r e a ,  
f u n c t i o n s  u s i n g  a  program d e v e l o p e d  by Henke ( 1 9 6 6 ) .  The 
p rogram,  TBFDA, t r e a t s  t h e  a r e a  f u n c t i o n  a s  a  s e t  o f  
a r b i t r a r y - l e n g t h  t u b e s ,  e a c h  h a v i n g  a  f i x e d  c r o s s - s e c t i o n a l  
a r e a .  V a l u e s  f o r  t h e  magn i tude  and p h a s e  o f  t h e  t r a n s f e r  
f u n c t i o n  o f  t h e  e n t i r e  a r e a  f u n c t i o n  a r e  c a l c u l a t e d  a t  s m a l l  
f r e q u e n c y  i n t e r v a l s  f rom 0  t o  5000 Hz. Formant  f r e q u e n c i e s  a r e  
found by d e t e r m i n i n g  a t  what  f r e q u e n c y  t h e  p h a s e  o f  t h e  
n+l 
t r a n s f e r  f u n c t i o n  c h a n g e s  from b e i n g  j u s t  g r e a t e r  t h a n  TT t o  
n + l  b e i n g  less  t h a n  FT. 
Table 5.2 Comparison of vocal-cord length with the lateral 
width and antero-posterior width of the larynx tubs. 
AGE SEX LOCATION OF MEASUREMENT REFERENCE 
MEASUREMENT VALUE (mm) 
0 F vocal-cord length 3.8 LENVC, Table 2.10 
0 M vocal-cord length 4.4 LENVC, Table 2.10 
0 ? anter io-poster ior 4.3 Crelin 1 
larynx-tube diaaeter 2 
0 ? lateral 3arynx-tube 4.0 ~relin 1
diameter 
0 both distance between 7.0 Gedgoud (1900) 
mid~oints of 
ary-tpiglottic folds 
0 both vocal-cord length 4.0 Krawczynski (1977) 
t 
0 both lateral larynx-tube 3.6 Krawczynski (1977) 
diameter 
21 F vocal-cord length 14.5 LENVC, Table 2.10 
21 M vocal-cord length 18.8 LENVC, Table 2.18 
21 M antero-posterior 17.9 Crelin 1 
larynx-tube diameter 
21 lateral 3arynx-tube 18.0 
diameter 
Crelin 1 
21 M distance between 17.0 Gedgoud (1900) 
mid~oints of 
ary-epiglottic folds 
l~easurements takzn from silicone-rubber casts of cadaver 
vocal tracts made by Edmund S. Crelin at Yale University. 
2~easur?ments mada near the lower end of the larynx tube. 
The magn i tude  and p h a s e  o f  t h e  t r a n s f e r  f u n c t i o n  a r e  
computed from t h e  complex r a t i o  o f  t h e  volume v e l o c i t y  a t  t h e  
l i p s  t o  t h e  volume v e l o c i t y  a t  t h e  g l o t t i s .  The volume 
v e l o c i t y  a t  t h e  g l o t t i s  is computed by assuming a n  a r b i t r a r y  
volume v e l o c i t y  a t  t h e  l i p s  and t h e n  p r o p a g a t i n g  v a l u e s  f o r  
t h e  complex ' p r e s s u r e  and volume v e l o c i t y  o f  t h e  f o r w a r d  and 
backward t r a v e l l i n g  waves o n e  s e c t i o n  a t  a  t i m e  toward  t h e  
g l o t t i s .  A t  j u n c t i o n s  between s e c t i o n s ,  t h e  c o n s t r a i n t s  of  
c o n t i n u i t y  of  p r e s s u r e  and c o n s e r v a t i o n  o f  volume v e l o c i t y  a r e  
a p p l i e d  t o  t h e  f o r w a r d  and backward t r a v e l l i n g  waves i n  
a c c o r d a n c e  w i t h  t h e  laws g o v e r n i n g  complex r e f l e c t i o n  
c o e f f i c i e n t s .  Thus,  t h e  t r e a t m e n t  o f  wave p r o p a g a t i o n  a t  t u b e  
j u n c t i o n s  is  a f r e q u e n c y  domain v e r s i o n  o f  t h e  t e c h n i q u e  used  
by K e l l y  and Lochbaum ( 1 9 6 3 ) .  Between j u n c t i o n s ,  t h e  complex 
a m p l i t u d e s  o f  t h e  t r a v e l l i n g  waves a r e  m o d i f i e d  i n  a c c o r d a n c e  
w i t h  t r a n s m i s s i o n - l i n e  c h a r a c t e r i s t i c s ,  t h u s  a l l o w i n g  t h e  u s e  
o f  a r b i t r a r y - l e n g t h  s e c t i o n s .  
TBFDA a l l o w s  t h e  u s e r  t o  c h o o s e  a r a d i a t i o n  impedance 
c o r r e s p o n d i n g  t o  e i t h e r  a  s h o r t  c i r c u i t  o r  t o  a  p i s t o n  i n  a n  
i n f i n i t e  b a f f l e .  The d e f a u l t  o f  a p i s t o n  i n  a n  i n f i n i t e  b a f f l e  
was chosen  f o r  u s e  by t h e  model.  The a t t e n u a t i o n  f a c t o r  of  
e a c h  s e c t i o n  is a l s o  a d j u s t a b l e .  Again-, t h e  model u sed  t h e  
d e f a u l t  v a l u e ,  .006 c m - l .  TBFDA c u r r e n t l y  d o e s  n o t  have  any  
p r o v i s i o n s  f o r  s i d e  c a v i t i e s  e x c e p t  f o r  a  f i x e d  n a s a l  c a v i t y ,  
which  was n o t  used  by t h e  model.  A l s o  n o t  a v a i l a b l e  is a 
p r o v i s i o n  f o r  i n c l u d i n g  t h e  r e a c t i v e  e f f e c t s  o f  y i e l d i n g  
w a l l s .  
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CHAPTER 6  
RESULTS AND CONCLUSIONS 
6.1 S t r e n g t h s  and weaknesses  o f  t h e  model 
.......................................... 
P r e c e d i n g  a  d i s c u s s i o n  o f  t h e  c o n c l u s i o n s  t o  be drawn 
from t h i s  model,  a  few words s h o u l d  be mentioned a b o u t  i t s  
s t r e n g t h s  and weaknesses .  A major shor tcoming  of  t h e  model is 
t h e  f a c t  t h a t  it a t t e m p t s  t o  p r e d i c t  t h e  a r e a  f u n c t i o n  by 
u s i n g  i n f o r m a t i o n  from o n l y  t h e  m i d s a g i t t a l  r e p r e s e n t a t i o n .  
T h i s  approach can  never  g i v e  e n t i r e l y  a c c u r a t e  r e s u l t s  because  
t h e  s u r f a c e  of t h e  tongue  is n o t  always f l a t ,  and can  assume a  
v a r i e t y  of  s h a p e s  i n  t h e  l a t e r a l  d i r e c t i o n .  Tomographic 
s t u d i e s  have  shown t h a t  t h e  tongue  o f t e n  h a s  a  g roove  down t h e  
c e n t e r ,  s o  t h a t  t h e  a c t u a l  c r o s s - s e c t i o n a l  a r e a  o f  t h e  v o c a l  
t r a c t  is l e s s  t h a n  would be p r e d i c t e d  by t h e  s a g i t t a l  
d i s t a n c e .  I f  t h e  problems of model complex i ty  can  be s o l v e d ,  a  
b e t t e r  approach would be t o  use  a  t h r e e - d i m e n s i o n a l  model f o r  
t h e  tongue of  t h e  t y p e  proposed by K i r i t a n i ,  e t  a l .  ( 1 9 7 6 ) .  A 
t h r e e - d i m e n s i o n a l  model can  a c c u r a t e l y  c o n s t r a i n  t h e  volume of 
t h e  tongue w i t h o u t  u n r e a l i s t i c  c o n s t r a i n t s  such a s  m a i n t a i n i n g  
' a  c o n s t a n t  t o n g u e - s u r f a c e  l e n g t h .  Another  i n a c c u r a c y  a r i s e s  
from l a t e r a l  movement of  t h e  pharynx w a l l s  (Sundberg ,  1 9 6 9 ) .  
R e l a t e d  t o  t h i s  problem is t h e  dub ious  a c c u r a c y  of t h e  
m i d s a g i t t a l - t o - a r e a  t r a n s f o r m a t i o n s  i n  t h e  pharynx and l a r y n x  
r e g i o n s .  The t r a n s f o r m a t i o n s  f o r  t h e  o r a l  c a v i t y  a r e  p r o b a b l y  
q u i t e  good, w i t h  t h e  p o s s i b l e  e x c e p t i o n  of  t h e  a l v e o l a r  
r eg ion .  
The m i d s a g i t t a l  o u t l i n e  g e n e r a t e d  by t h e  model is a l s o  
most a c c u r a t e  i n  t h e  r e g i o n  of  t h e  o r a l  c a v i t y  because  of  t h e  
numerous x-ray s t u d i e s  of t h i s  r e g i o n  performed by 
o r t h o d o n t i s t s  and because  of  t h e  p rox imi ty  of  r e l i a b l e  bony 
landmarks .  The o u t l i n e  becomes l e s s  a c c u r a t e  i n  t h e  pharynx,  
main ly  because  of  t h e  u n r e l i a b l e  d a t a  p o i n t  f o r  a d u l t  men i n  
SNHY, t h e  d i s t a n c e  from t h e  s e l l a - n a s i o n  l i n e  t o  t h e  hyoid 
bone. Evidence from a c o u s t i c  d a t a ,  t o  be d i s c u s s e d  i n  s e c t i o n  
6 .2 ,  i n d i c a t e s  t h a t  t h e  SNHY measurement is indeed 4 mm t o o  
l a r g e ,  a s  proposed i n  Tab l e  2.16. The m i d s a g i t t a l  o u t l i n e  is 
l e a s t  r e l i a b l e  i n  t h e  l a r y n x  r e g i o n  because  t h e  o n l y  d a t a  
a v a i l a b l e  i n  t h i s  r e g i o n  were measurements on cadave r s .  Also ,  
t h e  o n l y  a v a i l a b l e  d a t a  on l a r y n x  h e i g h t ,  g i v e n  i n  Tab l e  2 . 9 ,  
were no t  s e p a r a t e d  by sex  from b i r t h  t o  a g e  12. A s  e x p l a i n e d  
i n  Chapter  3 ,  ano the r  s o u r c e  of  e r r o r  is  t h e  d i s c r e p a n c y  
between t h e  r e s t  p o s t u r e  of  t h e  l a r y n x ,  which formed t h e  b a s i s  
f o r  t h e  c o n s t r u c t i o n  of t h e  m i d s a g i t t a l  o u t l i n e ,  and t h e  
a c t u a l  speech p o s t u r e  of  t h e  l a r y n x .  F u r t h e r  d e t a i l s  abou t  
t h e  consequences  of t h e s e  i n a c c u r a c i e s  w i l l  be g iven  i n  
s e c t i o n  6 . 4 .  
S e v e r a l  o t h e r  model weaknesses d i d  n o t  s e r i o u s l y  a f f e c t  
t h e  r e s u l t s  t o  be p r e s e n t e d  i n  t h i s  c h a p t e r ,  b u t  a r e  worth 
ment ioning i n  t h e  hope t h a t  some f u t u r e  s t u d y  may a d d r e s s  
them. C r o s s - s e c t i o n a l  a r e a s  f o r  t h e  a r e a  f u n c t i o n  were 
de te rmined  by t a k i n g  samples  of t h e  s a g i t t a l  d i s t a n c e  a t  
1 8 1  
roughly 5 mm i n t e r v a l s  and convert ing them t o  a r e a s .  Sampling 
an analog funct ion  without ' f i r s t  lowpass f i l t e r i n g  l eads  t o  
a l i a s i n g .  For t h e  sampled a rea  func t ion ,  a l i a s i n g  t akes  t h e  
form of an occas ional  value t h a t  is  unrepresen ta t ive  of the  
average a rea  i n  i t s  region because it is e i t h e r  f a r  too l a r g e  
or  f a r  too small .  A s l i g h t l y  b e t t e r  technique f o r  obta in ing  
t h e  sampled a rea  func t ion ,  although s t i l l  not  t h e o r e t i c a l l y  
c o r r e c t ,  would be t o  compute a reas  a t  very small  increments 
along the  midl ine and then use some type of average a rea  over 
I 
each s e c t i o n .  
Some r e l a t e d  problems concern the  e f f e c t s  of s i d e  
c a v i t i e s .  Since the program used t o  convert  a rea  func t ions  t o  
formant f requencies  d i d  . not allow the  presence of s i d e  
c a v i t i e s ,  t he  volume of any s i d e  c a v i t y  had t o  be included i n  
t h e  a rea  funct ion  of the  main c a v i t y .  A b e t t e r  method would 
have been t o  modify the  a r e a  function-to-formant frequency 
program t o  allow it t o  accept  s i d e  c a v i t i e s .  Regardless of 
which method is  used, ques t ions  remain about the  a c t u a l  volume 
t o  be used t o  represent  the  s i d e  c a v i t y .  The model's e s t ima te  
i s  a  rough approximation of the  e n t i r e  volume of the  c a v i t y .  
However, it is poss ib le  t h a t  smal l ,  abrupt  changes i n  the  a rea  
funct ion  a r e  not "seen" by the  acous t i c  wavefront ( B .  A ta l ,  
personal  communication). Therefore,  t h e  c o r r e c t  e f f e c t i v e  
volume of a  s i d e  c a v i t y  may be somewhat l e s s  than t h e  a c t u a l  
volume. How much of a  c o r r e c t i o n  is  needed can only be 
determined by acous t i c  experiments. 
Another a c o u s t i c  problem concerns  t h e  p rope r  l o c a t i o n  of  
t h e  l i p  t e r m i n a t i o n  of t h e  a r e a  f u n c t i o n .  A number of  
d i f f e r e n t  schemes have been proposed f o r  f i n d i n g  t h e  
t e r m i n a t i o n  (Mermels te in ,  1973; Heinz and S t e v e n s ,  1964; 
Lindblom and Sundberg,  1 9 7 1 ) .  None of  t h e s e  ad hoc t e c h n i q u e s  
ha s  a  r i g o r o u s  t h e o r e t i c a l  m o t i v a t i o n .  The method used by t h e  
v o c a l - t r a c t  model,  which had been sugges t ed  by Mermels te in ,  
gave  a c c e p t a b l e  r e s u l t s  f o r  a l l  vowels e x c e p t  /i/ and /e/.  The 
a r t i c u l a t o r y  c o n f i g u r a t i o n s  of  t h e s e  c l o s e  f r o n t  vowels seemed 
t o  r e q u i r e  an  u n u s u a l l y  l a r g e  amount of  l i p  s p r e a d i n g  i n  o r d e r  
t o  produce t h e  c o r r e c t  formant  f r e q u e n c i e s ,  i n d i c a t i n g  t h a t  
t h e  t e r m i n a t i o n  had p robab ly  been p l a c e d  t o o  f a r  forward i n  
t h e  mouth. 
A q u e s t i o n  which is n o t  impor t an t  f o r  t h e  r e s u l t s  t o  be 
p r e s e n t e d  i n  t h e  r e s t  of t h i s  c h a p t e r ,  b u t  which shou ld  be 
add re s sed  a t  some time, is how much s o f t  t i s s u e  is  p r e s e n t  i n  
t h e  v e l a r  r eg ion  a t  d i f f e r e n t  ages .  A s  can be s e e n  from 
F i g u r e  2 . 1 4 ,  t h e  d i s t a n c e  between t h e  p o s t e r i o r  n a s a l  s p i n e  
and t h e  p o s t e r i o r  pharyngea l  w a l l  does  n o t  i n c r e a s e  g r e a t l y  
w i t h  age ,  and t h e r e f o r e  makes up a  l a r g e r .  p r o p o r t i o n  of  t h e  
t o t a l  v o c a l - t r a c t  l e n g t h  i n  c h i l d r e n  t h a n  it does  i n  a d u l t s .  
According t o  S u b t e l n y  ( 1 9 5 7 ) ,  t h e  growth of t h e  velum is 
p r o p o r t i o n a l  t o  t h e  growth of  t h e  space  behind t h e  p o s t e r i o r  
n a s a l  s p i n e ,  implying t h a t  t h e  c h i l d  a l s o  has  a  
p r o p o r t i o n a t e l y  l a r g e r  velum. A s  long a s  t h e  velum is f i r m l y  
p r e s s e d  upwards so  t h a t  it comple t e ly  s e a l s  o f f  t h e  n a s a l  
c a v i t y ,  its r e l a t i v e  s i z e  d o e s  n o t  h a v e  a n y  d r a m a t i c  a c o u s t i c  
c o n s e q u e n c e s .  But  f o r  s o u n d s  t h a t  a r e  e v e n  s l i g h t l y  n a s a l i z e d ,  
t h e  r e l a t i v e l y  l a r g e  velum o f  t h e  c h i l d  o c c u p i e s  a  
n o n - n e g l i g i b l e  amount o f  s p a c e  i n  t h e  uppe r  o ro -pha rynx .  
Between t h e  a g e s  o f  a b o u t  3 y e a r s  and  1 4  y e a r s ,  t h e  
amount  of a d e n o i d  t i s s u e  p r e s e n t  a t  t h e  p o s t e r i o r  p h a r y n g e a l  
w a l l  c a n  a l s o  c r e a t e  a  n o t i c e a b l e  d r o p  i n  c a v i t y  volume n e a r  
t h e  velum.  A c c o r d i n g  t o  S u b t e l n y  ( 1 9 5 6 ) ,  a d e n o i d  t i s s u e  is 
f a i r l y  s m a l l  a t  b i r t h ,  i n c r e a s e s  i n  volume u n t i l  p u b e r t y ,  and  
t h e n  s h r i n k s  back  a g a i n  u n t i l  it is h a r d l y  n o t i c e a b l e  i n  t h e  
a d u l t .  S i n c e  s e c t i o n s  6.3 and  6.4  c o n c e r n  m a i n l y  newborns  and  
a d u l t s ,  t h e  f a i l u r e  o f  t h e  model  t o  a c c o u n t  f o r  a d e n o i d  t i s s u e  
is  n o t  a  s e r i o u s  p r o b l e m  f o r  t h e  r e s u l t s  t o  be  r e p o r t e d .  
6 .2  G e n e r a l  Growth T r e n d s  
.......................... 
A s  c a n  be s e e n  f rom t h e  d a t a  o f  C h a p t e r  2 ,  t h e  c h i l d ' s  
v o c a l  t r a c t  is n o t  s i m p l y  a  s m a l l e r  v e r s i o n  o f  a n  a d u l t  m a n ' s  
v o c a l  t r a c t .  A s  o b s e r v e d  by L iebe rman ,  e t  a l .  ( 1 9 7 1 ) ,  t h e  
p o s i t i o n  o f  t h e  l a r y n x  is much h i g h e r  i n  t h e  newborn i n f a n t  
t h a n  i n  t h e  a d u l t .  A s  a  r e s u l t ,  t h e  p h a r y n g e a l  c a v i t y  o f  t h e  
newborn is much s h o r t e r  i n  r e l a t i o n  t o  i t s  o v e r a l l  v o c a l - t r a c t  
l e n g  t h  . 
Some more d e t a i l e d  i n f o r m a t i o n  on c a v i t y  l e n g t h s  was 
d e t e r m i n e d  i n  t h e  f o l l o w i n g  manner .  A l l  model  v a r i a b l e s  were  
s e t  t o  z e r o  e x c e p t  f o r  t h e  a n g l e  o f  t h e  jaw o p e n i n g ,  which  was 
set  t o  t h e  i n t e r m e d i a t e .  v a l u e  of -0.15 r a d i a n s .  Three  
d i f f e r e n t  l e n g t h s  were c a l c u l a t e d  a long  t h e  m i d l i n e  a t  y e a r l y  
i n t e r v a l s  f o r  each  s ex :  t o t a l  v o c a l - t r a c t  l e n g t h ,  pharynx 
l e n g t h ,  and o r a l - c a v i t y  l e n g t h .  The d i v i d i n g  p o i n t  between t h e  
o r a l  c a v i t y  and t h e  pharynx c a v i t y  was p l aced  a t  t h e  r e g i o n  
boundary between t h e  pharynx r e g i o n  and mouth r e g i o n ,  a s  
e x p l a i n e d  i n  Chapter  5.  Th i s  boundary co r r e sponds  t o  a  
l o c a t i o n  s l i g h t l y  behind t h e  l a s t  mo la r s  i n  a d u l t s ,  and 
t h e r e f o r e  may l e a d  t o  r e s u l t s  showing t h e  o r a l  c a v i t y  t o  be 
somewhat s h o r t e r  t h a n  h a s  been r e p o r t e d  by o t h e r s .  Tab le  6 .1  
l i s t s  a t  y e a r l y  i n t e r v a l s  t h e  t h r e e  d i f f e r e n t  v o c a l - t r a c t  
l e n g t h s  computed a long  t h e  m i d l i n e .  
F i g u r e s  6 . 1  th rough  6 .3  show t h e  l e n g t h s  of  t h e  v o c a l  
t r a c t ,  t h e  pharynx c a v i t y ,  and t h e  o r a l  c a v i t y  a s  f u n c t i o n s  o f  
age  f o r  each  s ex .  According t o  t h e s e  f i g u r e s ,  t h e r e  i s  v e r y  
l i t t l e  d i f f e r e n c e  between t h e  v o c a l - t r a c t  l e n g t h s  of  boys and 
g i r l s  b e f o r e  t h e  age  of  12.  However, as s t a t e d  p r e v i o u s l y ,  
t h e  f i g u r e s  on pharynx-cav i ty  l e n g t h  must be t r e a t e d  somewhat 
c a u t i o u s l y  because  t h e  d a t a  on l a r y n x  h e i g h t  (HYGLOT, 
Tab le  2 .9)  were n o t  s e p a r a t e d  by sex  u n t i l  a f t e r  age  16.  A 
r e c e n t  s t u d y  by Benne t t  (1980) showed t h a t  formant  f r e q u e n c i e s  
o f  7-year-old g i r l s  tended t o  be abou t  10% h i g h e r  t h a n  t h o s e  
o f  7-year-old boys. I t  is p o s s i b l e  t h a t  some of  t h i s  
d i f f e r e n c e  may be caused by d i f f e r e n c e s  i n  t h e  l e n g t h  of  t h e  
l a r y n x  t ube .  
Table  6 . 1  V o c a l - t r a c t  l e n g t h ,  pharynx l e n g t h ,  and o r a l - c s v 2 t y  
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Figure 6.2 Pharynx length versus age. 
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Figure 6.3 Oral-cavity length versus age. 
Also  somewhat m i s l e a d i n g  is t h e  p o s i t i v e  s l o p e  of  t h e  
v o c a l - t r a c t  l e n g t h  and pharynx l e n g t h  f o r  males  a f t e r  p u b e r t y ,  
s i n c e  a l l  growth c u r v e s  s h o u l d  l e v e l  o f f  a t  t h a t  t i m e .  The 
p o s i t i v e  s l o p e  is a  r e s u l t  of  an i n s u f f i c i e n t  number o f  d a t a  
p o i n t s  toward t h e  end o f  t h e  p u b e r t a l  growth s p u r t  f o r  t h e  age  
p a r a m e t e r s  SNHY ( T a b l e  2 . 1 6 ) ,  t h e  d i s t a n c e  from t h e  
s e l l a - n a s i o n  l i n e  t o  t h e  hyo id  bone, and HYGLOT ( T a b l e  2 . 9 ) ,  
t h e  d i s t a n c e  from t h e  hyoid  bone t o  t h e  g l o t t i s .  
Another  problem w i t h  t h e  d a t a  i n  F i g u r e s  6 .1  and 6 .2  
c o n c e r n s  t h e  l e n g t h  of  t h e  v o c a l - t r a c t  i n  a d u l t  men. According 
t o  F a n t  ( 1 9 7 5 a ) ,  t h e  a v e r a g e  adu l t -male  v o c a l - t r a c t  l e n g t h  f o r  
open vowels  i s  165 mm, n o t  169 mm as  computed by t h e  model. 
T h i s  f a c t  t e n d s  t o  s u p p o r t  t h e  p r e v i o u s l y  ment ioned s u s p i c i o n  
t h a t  t h e  a d u l t  male d a t a  p o i n t  i n  SNHY is  4 mm t o o  l a r g e .  
F u r t h e r  e v i d e n c e  comes from an e x a m i n a t i o n  o f  t h e  a v e r a g e  
t h i r d  fo rmant  f r e q u e n c i e s  of  men and women. The r a t i o  of 
a v e r a g e  F3 f o r  women t o  a v e r a g e  F3 f o r  men and t h e  
c o r r e s p o n d i n g  scale  f a c t o r  K3 can  be r e l a t e d  t o  t h e  
v o c a l - t r a c t  l e n g t h s  by 
F3f Lm + 10 rnm 
- 
- -  
K3 
= 1 + -  
F3m Lf + 1 0  mm 100 
where L is  t h e  a v e r a g e  l e n g t h  of  t h e  v o c a l  t r a c t  f o r  open 
vowels .  and t h e  10 mm is a n  a v e r a g e  c o r r e c t i o n  f a c t o r  f o r  t h e  
e f f e c t  of  t h e  r a d i a t i o n  impedance ( F a n t ,  1 9 7 5 a ) .  The v o c a l  
t r a c t  l e n g t h s  of  169 mm and 1 4 1  mm f o r  a d u l t  men and women 
( age  21) y i e l d  a  K3 of  18.5%,  which is  somewhat over  t h e  
s i x - l anguage  ave rage  of  17% observed  by Fan t ,  According t o  
Tab l e  6.1,  t h e  model-generated l e n g t h  f o r  a  20-year-old male 
i s  4 mrn s h o r t e r  t h a n  t h e  one f o r  a  21-year-old male. The K3 
p r e d i c t e d  by t h e  v o c a l - t r a c t  l e n g t h s  of  Tab l e  6 . 1  i s  17.3% a t  
age  20, which is much c l o s e r  t o  t h e  v a l u e  o f  K3 observed  by 
Fan t .  T h e r e f o r e ,  it was dec ided  t o  u se  age  20 ins - t ead  of  age  
21 f o r  a l l  f u r t h e r  u s e s  of  t h e  model r e p r e s e n t i n g  a d u l t s .  
F i g u r e  6.4 shows t h e  r a t i o  of  pharynx l e n g t h  t o  
o r a l - c a v i t y  l e n g t h .  I t  shou ld  be no ted  t h a t  a l t h o u g h  t h e r e  a r e  
p e r i o d s  of r a p i d  change fo l lowed  by s lower  change,  a t  no t i m e  
i s  t h i s  r a t i o  c o n s t a n t  e x c e p t  i n  adu l thood .  F i g u r e s  6 .5  and 
6 .6  show v o c a l - t r a c t  o u t l i n e s  a t  r e p r e s e n t a t i v e  a g e s  and f o r  
a d u l t  male and a d u l t  female .  
F i g u r e s  6.7 and 6 .8  show t h e  r a t i o s  of p a l a t e  wid th  t o  
o r a l - c a v i t y  l e n g t h  and p a l a t e  wid th  t o  v o c a l - t r a c t  l e n g t h .  
S i n c e  t h e  width  of  t h e  p a l a t e  is  r e p r e s e n t a t i v e  of  t h e  wid th  
o f  t h e  pharynx,  F i g u r e  6 .8  is a l s o  an e s t i m a t e  of  o v e r a l l  
v o c a l - t r a c t  width  t o  v o c a l - t r a c t  l e n g t h ,  
From t h e  d a t a  p r e s e n t e d  above,  it ' a p p e a r s  t h a t  s e v e r a l  
o b s e r v a t i o n s  made by Lieberman, e t  a l .  (1971) a r e  
q u e s t i o n a b l e .  They s t a t e  t h a t  f o r  t h e  newborn, t h e  - "upper 
pharynx is a  narrow tube . "  But a cco rd ing  t o  F i g u r e  6.8,  t h e  
r a t i o  of width  of  t h e  v o c a l  t r a c t  t o  l e n g t h  d e c r e a s e s  w i th  
age .  F u r t h e r  s u p p o r t  f o r  t h i s  o b s e r v a t i o n  comes from d a t a  
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Figure 6.5 Midsagittal vocal-tract outlines for males at 
various ages. Age labels in years are next to glottis. 
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Figure 6.6 Midsagittal vocal-tract outline of an adult 
male and an adult female. 
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Figure 6.7 Ratio of palate width versus oral-cavity length. 
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Figure  6 . 8  Rat io  of p a l a t e  width t o  v o c a l - t r a c t  l eng th .  
p u b l i s h e d  by Adams (1958)  on t h e  w i d t h  o f  t h e  l a t e r a l  r e c e s s e s  
a t  t h e  upper  end o f  t h e  pharynx.  Accord ing  t o  Adams, t h e  w i d t h  
o f  t h e  pharynx o n l y  i n c r e a s e s  30% between t h e  a g e  o f  2 and 
a d u l t h o o d .  By compar i son ,  F i g u r e  6.2 shows t h a t  t h e  l e n g t h  o f  
t h e  pharynx i n c r e a s e s  100% o v e r  t h e  same t i m e  p e r i o d .  
Lieberman,  e t .  a 1  a l s o  s t a t e  t h a t ,  " t h e  i n f a n t  t ongue  is 
l a r g e ,  much c l o s e r  t o  its a d u l t  s i z e  t h a n  is t h e  o r a l  c a v i t y . "  
However, a c c o r d i n g  t o  Hopkin (1967)  and J e l o n e k  (1967)  , t h e  
t o n g u e  d o u b l e s  i n  l e n g t h ,  w i d t h ,  and t h i c k n e s s  i n  t h e  time 
from b i r t h  t o  a d u l t h o o d ,  The l e n g t h  o f  t h e  v o c a l  t r a c t  
a p p r o x i m a t e l y  d o u b l e s  o v e r  t h i s  time s p a n ,  and t h e  w i d t h  o f  
t h e  mouth i n c r e a s e s  o n l y  a b o u t  30%.  The o n l y  d imens ion  o f  t h e  
mouth t h a t  i n c r e a s e s  i n  r e l a t i o n  t o  t h e  t o n g u e  is t h e  h e i g h t  
o f  t h e  o r a l  c a v i t y ,  o c c u r r i n g  m a i n l y  b e c a u s e  o f  t h e  a p p e a r a n c e  
o f  t h e  t e e t h .  
The d a t a  p r e s e n t e d  above  s u g g e s t  t h a t  t h e r e  a r e  f o u r  
major  d i f f e r e n c e s  be tween t h e  v o c a l  t r a c t s  o f  i n f a n t s  and  t h e  
v o c a l  t r a c t s  of a d u l t s .  The i n f a n t  h a s  a  much s h o r t e r  v o c a l  
t r a c t  t h a n  d o e s  t h e  a d u l t ,  The pharynx o f  t h e  i n f a n t  is  
s h o r t e r  r e l a t i v e  t o  t h e  o v e r a l l  v o c a l - t r a c t  l e n g t h ,  and t h e  
v o c a l  t r a c t  is  w i d e r  r e l a t i v e  t o  i t s  o v e r a l l  l e n g t h .  F i n a l l y ,  
t h e  i n f a n t  h a s  no t e e t h  and t h e r e f o r e  h a s  an  o r a l  c a v i t y  t h a t  
a p p e a r s  t o  be v e r y  f l a t .  
6.3 Sound p r o d u c t i o n  i n  i n f a n t s  and c h i l d r e n  
............................................. 
6 .3 .1  I n f a n t  c r y  
An a p p r o p r i a t e  beg inn ing  f o r  t h e  u se  o f  t h e  v o c a l - t r a c t  
model is wi th  t h e  s t u d y  of  i n f a n t  c r y .  F i r s t ,  an a t t e m p t  was 
made t o  s i m u l a t e  t h e  c r y  o f  a  normal newborn i n f a n t .  According 
t o  Golub ( 1 9 8 0 ) ,  t h e  v o c a l - t r a c t  c o n f i g u r a t i o n  d u r i n g  t h e  c r y  
of  a  newborn i s  c h a r a c t e r i z e d  a s  f o l l ows :  t h e  mouth is wide 
open ,  t h e  l i p s  a r e  s p r e a d ,  and t h e  tongue t i p  is t e n s e d  and 
l o c a t e d  i n  t h e  c e n t e r  of  t h e  mouth, n o t  r e s t i n g  on t h e  lower 
jaw. F igu re  6.9 shows t h e  model approx imat ion  t o  t h i s  
v o c a l - t r a c t  c o n f i g u r a t i o n ,  which produced f i r s t  and second 
formant  f r e q u e n c i e s  of  1278  Hz and 3601 Hz. Average f i r s t  and .I 
. ?  
second formant  f r e q u e n c i e s  observed by Golub f o r  i n f a n t  p a i n  
c r y  were 1113 Hz and 3715 Hz. 
Next,  t h e  model was used t o  t e s t  a  r e c e n t  h y p o t h e s i s  
abou t  t h e  cause  of  Sudden I n f a n t  Death Syndrome, o r  SIDS. 
Tonkin (1975) proposed t h a t  SIDS i s  caused by a i rway 
o c c l u s i o n  i n  t h e  oro-pharyngeal  r e g i o n ,  l e a d i n g  t o  d e a t h  by 
s u f f o c a t i o n .  She sugges t ed  t h a t  t h e  a i rway  o c c l u s i o n  occu r r ed  
th rough  t h e  approx imat ion  o f  t h e  tongue and t h e  p o s t e r i o r  w a l l  
o f  t h e  pharynx,  p o s s i b l y  caused by a  hypermobi le  jaw. Golub 
(1980) observed ave rage  f i r s t  and second formant  f r e q u e n c i e s  
o f  1950 Hz and 4050 Hz i n  two newborn i n f a n t s  who l a t e r  d i e d  
o f  SIDS, and sugges t ed  t h a t  t h e s e  i n f a n t s  may have had a  
Figure 6.9 Model estimate of vocal-tract configuration dur- 
ing cry of normal newborn male infant. The model produced 
formant frequencies of 1278 Hz and 3601 Hz, as compared with 
average formant frequencies of 1113 Hz and 3715 Hz observed 
by Golub (1980). 
Fiqure 6.10 Model estimate of vocal-tract conficruration dur- 
ing cry of newborn male infant susceptible to sudden Infant 
Death Syndrome (SIDS). M~del-generated. formant frequencies 
were 1861 Hz and 4036 Hz, compared with average formant fre- 
quencies of 1950 Hz and 4050 Hz observed by Golub (1980). 
narrowed pharynx c a v i t y .  I n  o r d e r  t o  s t u d y  t h i s  h y p o t h e s i s ,  a  
new a r t i c u l a t o r y  c o n f i g u r a t i o n  was c r e a t e d  from t h e  one used 
f o r  t h e  normal c r y  by moving t h e  jaw back 10 mm and up 1 . 5  mm 
and . t h e n  a d j u s t i n g  t h e  v a l u e s  of  a r y t e n o i d s  and hyoid  t o  be 
c o m p a t i b l e  w i t h  t h e  r e s u l t i n g  p o s i t i o n  o f  t h e  tongue ,  a s  shown 
i n  F i g u r e  6.10. The - fo rmant  f r e q u e n c i e s  produced by t h i s  
c o n f i g u r a t i o n  were 1861 Hz and 4036 Hz, t h u s  l e n d i n g  s u p p o r t  
t o  t h e  t h e o r y  . t h a t  a  narrowed ~ h a r y n x  c a v i t y  may be a  
c o n t r i b u t i n g  f a c t o r  i n  SIDS. The v a l u e s  o f  t h e  model 
v a r i a b l e s  used t o  s i m u l a t e  b o t h  t h e  normal and t h e  SIDS c r i e s  
and t h e  r e s u l t i n g  a r e a  f u n c t i o n s  a r e  g i v e n  i n  Appendix I. 
6 . 3 . 2  P o t e n t i a l  p h o n e t i c  a b i l i t y  o f  i n f a n t s  
-------------------------------------------- , 
The n e x t  h y p o t h e s i s  t e s t e d  by t h e  model was t h e  one 
c l a i m i n g  t h a t  newborn i n f a n t s  a r e  p r e v e n t e d  from s a y i n g  /i/, 
/ a / ,  and /u/ by t h e  anatomy of  t h e i r  v o c a l  t r a c t s  (Lieberman 
and C r e l i n ,  1971; Lieberman,  e t  a l . ,  1972;  Lieberman,  1 9 7 5 ) .  
The model was s e t  t o  a g e  0  (newborn) ,  and t h e n  t h e  
a r t i c u l a t o r y  v a r i a b l e s  were a d j u s t e d  i n t o  t h e  a r t i c u l a t o r y  
con£ i g u r a t i o n s  shown i n  F i g u r e  6.11. The v a l u e s  of  t h e s e  
a r t i c u l a t o r y  v a r i a b l e s  and t h e  r e s u l t i n g  a r e a  f u n c t i o n s  a r e  
g i v e n  i n  Appendix I.  G r e a t  c a r e  was t a k e n  t o  make t h e  i n f a n t  
a r t i c u l a t o r y  c o n f i g u r a t i o n s  a s  much l i k e  t h o s e  s e e n  i n  a d u l t s  
a s  p o s s i b l e .  The a r e a  f u n c t i o n s  d e r i v e d  from t h e s e  
a r t i c u l a t o r y  c o n f i g u r a t i o n s  were s t r e t c h e d  u n i f o r m l y  such  t h a t  
t h e i r  l e n g t h s  were e q u a l  t o  t h e  l e n g t h s  o f  t h e  a r e a  f u n c t i o n s  
MALE FEMALE 
Figure 6.11 Model estimates of "best" articulatory config- 
urations for newborn infant production of /i/, /a/, and /u/. 
t h a t  Fan t  (1960)  d e t e r m i n e d  f o r  t h e  c o r r e s p o n d i n g  vowels: 
165 mm, 170 mm, and 195 mm r e s p e c t i v e l y  f o r  /i/, /a/, and /u/.  
S t r e t c h i n g  t h e  i n f a n t  a r e a  f u n c t i o n s  t o  be o f  comparable  
l e n g t h  w i t h  t h e  a d u l t  a r e a  f u n c t i o n s ,  a s  was done by 
Lieberman,  e t  a l .  ( 1 9 7 2 ) ,  makes it p o s s i b l e  t o  compare t h e  
r e s u l t i n g  formant  f r e q u e n c i e s  d i r e c t l y  w i t h  t h e  f o r m a n t s  of 
a d u l t  men. The fo rmant  f r e q u e n c i e s  r e s u l t i n g  from t h e  
s t r e t c h e d  i n f a n t  a r e a  f u n c t i o n s  a r e  g i v e n  i n  Appendix I .  
F i g u r e  6.12 shows t h e  l o c a t i o n s  of  t h e s e  fo rmant  e s t i m a t e s  
r e l a t i v e  t o  t h e  " b e s t "  e s t i m a t e s  r e p o r t e d  by Lieberman,  e t  a l .  
( 1 9 7 2 ) .  The new e s t i m a t e s  i n d i c a t e  t h a t  t h e  newborn is c a p a b l e  
o f  p roduc ing  /i/, /a/,  and u ,  whereas t h e  e s t i m a t e s  of  
Lieberman would i n d i c a t e  t h a t  it  is n o t .  
One might  a sk  a t  t h i s  p o i n t ,  what is d i f f e r e n t ,  i f  
a n y t h i n g ,  between t h e  model s i m u l a t i o n s  o f  / i/ ,  /a/,  and /u/ 
and t h e  way t h e s e  sounds  a r e  produced i n  a d u l t s ?  The v o c a l  
t r a c t  c o n f i g u r a t i o n  f o r  /u/ a p p e a r s  t o  be v e r y  s i m i l a r  t o  t h e  
c o n f i g u r a t i o n s  t h a t  a d u l t s  use  f o r  t h i s  vowel ,  t h e  o n l y  
d i f f e r e n c e  be ing  t h a t  t h e  main c o n s t r i c t i o n  o f  t h e  tongue 
a p p e a r s  t o  be s l i g h t l y  more fo rward  i n  t h e  i n f a n t .  S i n c e  t h e  
f i r s t  and second f o r m a n t s  of  /u/ can  be c o n t r o l l e d  q u i t e  
a c c u r a t e l y  by t h e  s i z e s  of t h e  two c o n s t r i c t i o n s  i n  t h e  v o c a l  
t r a c t  ( F a n t ,  1 9 7 5 b ) ,  it s h o u l d  come a s  no s u r p r i s e  t h a t  /u/ 
can  be e a s i l y  s i m u l a t e d  by t h e  v o c a l - t r a c t  model a t  any age .  
However, t h e  s i m u l a t i o n  o f  t h i s  vowel depends  t o  a  d e g r e e  on 
t h e  s m a l l  r a d i u s  o f  c u r v a t u r e  used by t h e  model. The r a d i u s  o f  
F R E Q U E N C Y  O F  I, IN C Y C L E S  PIR S E C O N D  
Figure 6.12 Fl-FZ locations of the best model-generated 
estimates of newborn infant vowels, shown by the symbols 
@ ,  0, a n d @ .  The best estimates of the same vowels 
reported by Lieberman, et al. (1972), shown in Figure 1.1, 
are represented by the symbols @ , 0, and @ . 
t h e  tongue body used by t h e  model was de te rmined  i n  a  somewhat 
a r b i t r a r y  manner, and t h e r e f o r e  may be t o o  s m a l l .  A somewhat 
l a r g e r  tongue r a d i u s  would t e n d  t o  l i m i t  t h e  volume of t h e  
pharynx c a v i t y .  According t o  Fant  ' s (1975b) v o c a l - t r a c t  energy 
d i s t r i b u t i o n s ,  t h e  main e f f e c t  of  a  s m a l l e r  pharynx volume f o r  
/u/ is a  h i g h e r  second formant  f requency .  S i n c e  t h e  model 
s i m u l a t e d  an /u/ w i t h  a  v e r y  low second fo rmant ,  t h e  
consequences  of  a  somewhat l a r g e r  tongue r a d i u s  a r e  p robab ly  
n o t  impor t an t .  
A p e c u l i a r i t y  of  t h e  /i/ s i m u l a t i o n  is t h e  ex t r eme ly  h igh  
t h i r d  formant  of  3625 Hz. The r ea son  f o r  t h i s  h i g h  t h i r d  
formant  becomes a p p a r e n t  from an examina t ion  of  t h e  volume 
v e l o c i t y  d i s t r i b u t i o n s  i n s i d e  . t h e  v o c a l  t r a c t  a t  t h e  
f r e q u e n c i e s  of t h e  second and t h i r d  fo rman t s ,  shown i n  
~ i g u r ;  6.13. The a r e a  f u n c t i o n  f o r  t h e  vowel /i/ can be 
approximated by two t ubes :  one f o r  t h e  back c a v i t y  which t o  a 
f i r s t  approx imat ion  is  c l o s e d  a t  bo th  ends  and one f o r  t h e  
f r o n t  c a v i t y  which i s  open a t  bo th  ends .  The volume v e l o c i t y  
a t  t h e  l owes t  r esonance  of  a  t u b e  open a t  bo th  ends  ha s  i t s  
maxima a t  t h e  ends  of  t h e  t u b e  and a  minimum i n  t h e  c e n t e r  of 
t h e  tube .  The p r e sence  of t h i s  volume v e l o c i t y  p a t t e r n  a t  t h e  
f requency  of F2 i n  t h e  f r o n t  c a v i t y  of  t h e  a r e a  f u n c t i o n  i n  
F igu re  6.13 i n d i c a t e s  t h a t  t h e  second formant  is a f f i l i a t e d  
w i th  t h e  f r o n t  c a v i t y .  S i m i l a r l y ,  t h e  volume v e l o c i t y  a t  a 
r e s o n a n t  f requency  i n s i d e  a  t u b e  t h a t  i s  c l o s e d  a t  bo th  ends  
ha s  minima a t  t h e  ends  of t h e  t u b e ,  a s  o c c u r s  w i th  t h e  volume 
Distance from glottis (cm) 
Figure 6.13 Amplitude of the volume velocity inside the 
vocal tract normalized to the same value at the mouth 
opening at the frequencies of the second and third formants 
compared with the hypothetical area function for the pro- 
duction of /i/ by a newborn girl. The second formant is 
affiliated with the front cavity and the third formant is 
affiliated with the back cavity, in contrast to the usual 
front-cavity affiliation of F3 in adult men. 
v e l o c i t y  d i s t r i b u t i o n  a t  F3 i n  t h e  back c a v i t y  o f  F i g u r e  6 .13 .  
T h e r e f o r e ,  t h e  t h i r d  f o r m a n t  i s  a f f i l i a t e d  w i t h  t h e  v e r y  s h o r t  
pha rynx  o f  t h e  n e w b o r n ' s  v o c a l  t r a c t .  These  c a v i t y  
a f f i l i a t i o n s  a r e  r e v e r s e d  i n  t h e  a v e r a g e  a d u l t  ma le  p r o d u c t i o n  
o f  /i/ ( F a n t ,  1 9 6 6 ) .  The h i g h  t h i r d  f o r m a n t  f o r  /i/ is 
a p p a r e n t  i n  vowel p r o d u c t i o n  d a t a  which Buhr (1980)  r e p o r t e d  
f o r  a  c h i l d  under  1 y e a r  o f  age .  
The /a/ s i m u l a t i o n  is t h e  mos t  d i f f e r e n t  f rom a d u l t  vowel 
p r o d u c t i o n  o f  t h e  t h r e e  vowe l s .  The normal  a d u l t  a r t i c u l a t o r y  
c o n f i g u r a t i o n  c a l l s  f o r  a low and back p o s i t i o n  o f  t h e  t o n g u e ,  
w h e r e a s  i n  t h e  model s i m u l a t i o n ,  t h e  t o n g u e  body is h i g h  and 
back .  A h i g h  back t o n g u e  p o s i t i o n  w i t h  a  c o n s t r i c t e d  pha rynx  
may be u n u s u a l ,  b u t  is n o t  i m p o s s i b l e  b a s e d  on an  i n f o r m a l  
e x a m i n a t i o n  o f  v o c a l - t r a c t  anatomy.  The f a c t  t h a t  a  s i m i l a r  
a r t i c u l a t o r y  c o n f i g u r a t i o n  was used  by t h e  7-year -o ld  c o n t r o l  
s u b j e c t  i n  t h e  c i n e r a d i o g r a p h i c  s t u d y  of  Kuehn and  Tomblin 
(1977)  when s a y i n g  / a /  l e n d s  s u p p o r t  t o  t h e  c o n j e c t u r e  t h a t  a  
h i g h  and back t o n g u e  p o s i t i o n  is p o s s i b l e .  The f o r m a n t  
f r e q u e n c i e s  of  t h e  s i m u l a t e d  /a /  a r e  a l s o  n o t  e x a c t l y  what  one  
would e x p e c t  f o r  an  a d u l t  male  /a/, even  though  t h e y  do  f a l l  
i n s i d e  t h e  l o o p  which P e t e r s o n  and Barney  (1952)  d e s i g n a t e d  a s  
t h e  r e g i o n  f o r  (a/ f o r  men, women, and-  c h i l d r e n .  With f i r s t  
and second  f o r m a n t  f r e q u e n c i e s  of 760 Hz and 1203  Hz, t h e  
s i m u l a t e d  vowel is somewhat c l o s e r  t o  a n  a d u l t  male  /a /  t h a n  
t o  /a/, a c c o r d i n g  t o  t h e  a v e r a g e  f o r m a n t  f r e q u e n c i e s  f o r  t h e s e  
vowe l s  l i s t e d  by F a n t  (1975a )  . 
6.3.3 Differences between this study and that of Lieberman 
........................................................... 
The next question to be answered is, why the discrepancy 
between the new model predictions of infant phonetic 
capability and the estimates of Lieberman (1975) ? Several 
explanations are possible. The first concerns the sources of 
anatomical data. Lieberman based his conclusions on 
measurements taken from a cast of the vocal tract of a single 
stillborn infant (Lieberman, personal communication). As 
discussed in Chapter 2, data taken from cadavers is always 
suspect because of tissue shrinkage, stiffening of soft tissue 
in unnatural positions, and possible abnormalities of the 
corpse. This latter condition is especially relevant to the 
stillborn used by Lieberman, because one cannot determine at 
exactly what gestational age the growth of the fetus stopped. 
Comparison of the midsagittal outline of the stillborn shown 
in Lieberman and Crelin (1971) with the model-generated 
outline of the newborn shows that the stillborn had a pharynx 
that was approximately 5 mm shorter than the length of the 
pharynx of a normal newborn as predicted by the model. The 
data on pharynx length used by the model were taken from the 
highly reliable x-ray study of King 11952) and can therefore 
be trusted. 
The second source of disagreement between the 
model-generated area functions and those suggested by 
Lieberman and Crelin is the limit on the minimum allowable 
c o n s t r i c t i o n  s i z e  i n  t h e  v o c a l  t r a c t .  Accord ing  t o  S t e v e n s  
and House (1955)  , a  c o n s t r i c t i o n  w i t h  a n  a r e a  less  t h a n  
0 .3  cm2 w i l l  p r o d u c e  t u r b u l e n t  a i r f l o w  i n  a n  a d u l t  v o c a l  
t r a c t .  Lieberman and C r e l i n  a d o p t e d  t h i s  same v a l u e  o f  minimum 
a l l o w a b l e  c o n s t r i c t i o n  s i z e  f o r  t h e  i n f a n t .  However, t h e r e  i s  
c o n s i d e r a b l e  e v i d e n c e  t h a t  t h e  r a t e  o f  a i r f l o w  i s  lower  i n  t h e  
newborn t h a n  i n  an  a d u l t ,  t h u s  a l l o w i n g  f o r  s m a l l e r  
c o n s t r i c t i o n s .  F i r s t ,  c o n s i d e r  t h a t  t h e  l a r y n x  t u b e  i s  a b o u t  
4 mm i n  d i a m e t e r  i n  t h e  newborn, l e a d i n g  t o  a  maximum 
c r o s s - s e c t i o n a l  a r e a  o f  0 .125 c m 2 .  S i n c e  some i n f a n t  c r i e s  a r e  
p roduced  w i t h  no e v i d e n c e  o f  t u r b u l e n c e  n o i s e  (Golub ,  1980)  , 
one  can  c o n c l u d e  t h a t  0.125 c m 2  is  a  p e r m i s s i b l e  c o n s t r i c t i o n  
s i z e  i n  t h e  v o c a l  t r a c t s  o f  i n f a n t s .  F u r t h e r  e v i d e n c e  f o r  a  
s m a l l e r  a l l o w a b l e  minimum c o n s t r i c t i o n  s i z e  comes f rom s t u d i e s  I 
o f  a i r f l o w  r a t e .  Accord ing  t o  Long and H u l l  ( 1 9 6 1 ) ,  t h e  
maximum r a t e  o f  a i r  volume f l o w  d u r i n g  c r y i n g  o f  newborns i s  
a p p r o x i m a t e l y  106 ml /second.  T h i s  maximum f l o w  r a t e  o c c u r s  
a b o u t  0 . 1  s e c o n d s  b e f o r e  t h e  o n s e t  o f  t h e  c r y  and d r o p s  
c o n s i d e r a b l y  t h r o u g h  t h e  d u r a t i o n  o f  t h e  c r y .  A i r f l o w  d u r i n g  
b a b b l i n g  is p r o b a b l y  c o n s i d e r a b l y  l o w e r ,  b u t  h a s  n e v e r  been  
measured .  A d u l t  f l o w  r a t e s  d u r i n g  v o i c e d  s o u n d s  have  been 
measured  i n  t h e  r a n g e  o f  100 t o  250 ml/second ( I s s h i k i ,  1964;  
K l a t t ,  e t  a l .  1 9 6 8 ) .  Whether o r  n o t  t u r b u l e n c e  o c c u r s  c a n  be 
d e t e r m i n e d  by t h e  Reyno lds  number, Re ,  whose v a l u e  is 
c a l c u l a t e d  from t h e  e q u a t i o n  
where d  is t h e  d i a m e t e r  o f  t h e  c o n s t r i c t i o n ,  < v >  is t h e  rms 
p a r t i c l e  v e l o c i t y  o f  t h e  a i r  , ~ = 1 . 2 x 1 0 - ~  g/cm3 i s  t h e  d e n s i t y  
o f  a i r ,  and ~ = 1 . 8 4 ~ 1 0 - ~  g/cm sec is  t h e  v i s c o s i t y  o f  a i r .  A 
Reyno lds  number o f  g r e a t e r  t h a n  2100 i n d i c a t e s  t u r b u l e n c e  
( P o t t e r  and F o s s ,  1 9 7 5 ) .  Assuming a  round c o n s t r i c t i o n  and t h e  
v e r y  g e n e r o u s  estimate of  106 ml/sec f o r  f l o w  r a t e ,  Re l e s s  
t h a n  2100 i m p l i e s  a  minimum a l l o w a b l e  c o n s t r i c t i o n  s i z e  o f  
0.138 cm2. None o f  t h e  a r e a  f u n c t i o n s  used  t o  s y n t h e s i z e  t h e  
i n f a n t  vowe l s  c o n t a i n e d  a  c o n s t r i c t i o n  s m a l l e r  t h a n  0.16 cm2 
e x c e p t  i n  t h e  l a r y n x  t u b e .  
Lieberman (1975)  s t a t e d  t h a t  t h e  a n g l e  be tween t h e  
pha rynx  and o r a l  c a v i t i e s  i s  c o n s i d e r a b l y  g r e a t e r  i n  a n  i n f a n t  
t h a n  i n  an a d u l t  m a l e ,  t h u s  g i v i n g  t h e  i n f a n t  a  v o c a l  t r a c t  
which is e s s e n t i a l l y  a  s i n g l e - t u b e  r e s o n a t o r ,  a s  opposed  t o  
t h e  two-tube s y s t e m  o f  a n  a d u l t .  Accord ing  t o  Buhr (1980)  , 
t h i s  c l a i m  is based  on a  s t u d y  which showed t h a t  c r a n i a l  b a s e  
a n g l e  d e c r e a s e s  by a p p r o x i m a t e l y  10' between o n e  month o f  a g e  
and two y e a r s  (George ,  1 9 7 9 ) .  George used  t h e  f o l l o w i n g  
l andmarks  t o  make f i v e  d i f f e r e n t  e s t i m a t e s  o f  c r a n i a l  b a s e  
a n g l e :  n a s i o n ,  f r o n t o n ,  s e l l a ,  s p h e n o i d a l e ,  b a s i o n ,  and c l i v a l  
l i n e .  These  l andmarks  a r e  shown i n  F i g u r e  6.14 t o g e t h e r  w i t h  
t h e  a n g l e  between t h e  p a l a t a l  l i n e  and a  l i n e  t a n g e n t  t o  t h e  
v e r t e b r a e ,  which was used  by t h e  model t o  s p e c i f y  t h e  a n g l e  
between t h e  o r a l  c a v i t y  and t h e  pharynx c a v i t y .  None o f  
G e o r g e ' s  l andmarks  is n e a r  t h e  v o c a l  t r a c t  and t h e  l i n e s  
c o n n e c t i n g  t h e  l andmarks  a r e  n o t  d e p e n d e n t  on t h e  o r i e n t a t i o n  
Figure 6.14 Land~arks used by George (1979) to measure 
cranial base angle, together with the-angle of the palatal 
line relative to a line tangent to the vertebrae. Liebernan 
uses cranial base angle as an estimate of the angle between 
the oral cavity and the pharynx cavity, whereas the model 
uses the angle between the palatal line and the line tangent 
to the vertebrae. 
of the cavities of the vocal tract. According to Broadbent, et 1 
al. (1975), the angle between the sella-nasion line and the 
0 0 
palatal line increases from 5.4 at age 1 to 8.1 at age 19, 
indicating that the sella-nasion line is not necessarily a 
stable indicator of the orientation of the oral cavity. The 
line connecting sella and basion is far less representative of 
the orientation of the pharynx cavity. First, it does not 
appear to be parallel to the pharynx cavity upon casual 
inspection. Second, the lower landmark of this line, basion, 
ranges in location from approximately on the palatal line at 
birth to well above it in adulthood, and therefore cannot 
convey information about the orientation of the oro-pharynx. 
Third, the orientation of the spine can voluntarily be changed 
relative to the skull. Figure 6.15 shows two lateral x-rays of 1 
' 
the same subject with two different angles between the palatal 
line and a line tangent to the vertebrae. Therefore, although 
the work by George is probably the most careful study ever 
done on cranial base angle, it is not relevant to the issue of 
whether the pharynx cavity forms a right angle with the oral 
cavity in infants. The angle between the palatal line and a 
line tangent to the vertebrae, as specified by ANGFHJ, ANGFHV 
and ANGPJ (Tables 2.2, 2.3 and 2.4), is more appropriate, 
although it is subject to movement of the head and can 
therefore be regarded only as an indication of the oral-cavity 
to pharynx cavity angle in normal posture. Contrary to the 
theories of Lieberman, the value of this angle tends to 
increase with age after the child has established an erect 
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Figure 6-15 Two l a t e r a l  x-rays of the  same a d u l t  male wi th  
h i s  head i n  two d i f f e r e n t  o r i e n t a t i o n s  wi th  r e s p e c t  t o  h i s  
neck. In  t h e  upper p i c t u r e ,  t h e  angle  made by ghe p a l a t a l  
l i n e  wi th  a  l i n e  tangent  to  t h e  vertebrae i s  14 grea ter  
than the  same angle  i n  t h e  lower p i c t u r e ,  
p o s t u r e ,  r e ach ing  its maximum v a l u e  i n  t h e  a d u l t  (King,  1 9 5 2 ) .  
Another d i f f e r e n c e  between t h e  a r e a  f u n c t i o n s  d e r i v e d  by 
Lieberman,  e t  a l .  (1972) and t h e  ones  computed by t h e  model 
r e s u l t s  from t h e  assumpt ions  made abou t  t h e  m o b i l i t y  o f  t h e  
pharynx.  Lieberman, e t  a l .  e s t i m a t e  a  v e r y  s m a l l  . 
c r o s s - s e c t i o n a l  a r e a  f o r  t h e  pharynx c a v i t y  f o r  /i/ i n  t h e  
newborn, a p p a r e n t l y  i g n o r i n g  t h e  p e c u l i a r  a n t e r o - p o s t e r  i o r  
m o b i l i t y  of t h e  pharynx of  t h e  newborn. T h i s  m o b i l i t y  ha s  been 
no ted  by Ardran and Kemp (1968) and Bosma, e t  a l .  (1965) .  
F i n a l l y ,  a  c e r t a i n  amount of judgement i s  i nvo lved  i n  t h e  
d e r i v a t i o n  of t h e  i n f a n t  a r e a  f u n c t i o n s .  S i n c e  t h e  lowest 3 o r  
4 formant  f r e q u e n c i e s  canno t  un ique ly  de t e rmine  t h e  
v o c a l - t r a c t  shape ,  t h e  c o n s t r u c t i o n  of h y p o t h e t i c a l  a r e a  
f u n c t i o n s  t o  match a c e r t a i n  set  of formant  f r e q u e n c i e s  can 
o n l y  be approximate .  Whether or  n o t  one i s  a b l e  t o  f i n d  an 
a r e a  f u n c t i o n  t h a t  p roduces  formant  f r e q u e n c i e s  a p p r o p r i a t e  
f o r  /i/, /a/, and /u/ depends  v e r y  much on how e a s i l y  one can 
make changes  t o  t h e  a r e a  f u n c t i o n ,  how much u s e f u l  feedback 
one g e t s  wh i l e  making t h e s e  changes ,  and how mo t iva t ed  one is 
t o  keep t r y i n g .  The v o c a l - t r a c t  model, w i th  i t s  l i m i t e d  number 
o f  p a r a m e t e r s ,  is a u s e f u l  t o o l  f o r  e x p l o r i n g  t h e  a c o u s t i c  
e f f e c t s  of a  l a r g e  number of d i f f e r e n t  a r t i c u l a t o r y  
c o n f i g u r a t i o n s .  The p r o c e s s  of  r e f i n i n g  t h e  a r t i c u l a t o r y  
c o n f i g u r a t i o n  t o  produce a c e r t a i n  s e t  of  formant  f r e q u e n c i e s  
is g r e a t l y  f a c i l i t a t e d  by t h e  p r o v i s i o n  i n  t h e  a r e a  
func t ion- to - fo rmant  f requency  program f o r  d i s p l a y i n g  t h e  
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volume v e l o c i t y  i n s i d e  t h e  v o c a l  t r a c t  a t  any chosen 
f r e q u e n c y .  Knowledge of  t h e  volume v e l o c i t y  d i s t r i b u t i o n  a t  
fo rmant  f r e q u e n c i e s  is  h e l p f u l  because  a  d e c r e a s e  i n  t h e  
v o c a l - t r a c t  a r e a  a t  a volume v e l o c i t y  maximum w i l l  d e c r e a s e  
t h e  f r e q u e n c y  of  t h a t  f o r m a n t ,  w h i l e  a  d e c r e a s e  i n  a r e a  a t  a  
volume v e l o c i t y  minimum w i l l  i n c r e a s e  t h e  fo rmant  f r e q u e n c y ,  
and v i c e  v e r s a .  The volume v e l o c i t y  d i s p l a y  c a p a b i l i t y  had 
n o t  y e t  been implemented when Lieberman,  e t  a l .  made t h e i r  
formant  c a l c u l a t i o n s  i n  1972. 
6 .3 .4  I m p l i c a t i o n s  f o r  l anguage  a c q u i s i t i o n  
S i n c e  t h e  vowels  /i/, /a/, and /u/ can  be s y n t h e s i z e d  by 
a  model which is a n a t o m i c a l l y  c o r r e c t  f o r  i n f a n t s ,  one can  
p o s t u l a t e  t h a t  newborns a r e  n o t  p r e v e n t e d  from s p e a k i n g  
because  of t h e  anatomy o f  t h e i r  v o c a l  t r a c t s .  R a t h e r ,  t h e i r  
development  of  speech  is p r o b a b l y  l i n k e d  t o  t h e  development  of - 
p r o p r i o c e p t i o n ,  neuromuscular  c o n t r o l ,  and i n t e l l e c t u a l  
. 
c a p a c i t y .  Some f u r t h e r  e v i d e n c e  f o r  t h i s  h y p o t h e s i s  comes 
from a  d i f f e r e n t  a s p e c t  of  speech development .  Buhr (1980) 
obse rved  a  l a r g e  number of n a s a l i z e d  vowels  i n  young c h i l d r e n  
and s u g g e s t s  t h a t  t h e  n a s a l i z a t i o n  may be due  t o  an 
underdeveloped velum i n  i n f a n t s .  However, d a t a  on l e n g t h  of 
t h e  velum v e r s u s  t h e  s i z e  of  t h e  opening t o  t h e  n a s a l  c a v i t y  
p u b l i s h e d  by S u b t e l n y  (1957)  s u g g e s t s  t h a t  i f  a n y t h i n g ,  t h e  
s i z e  of t h e  i n f a n t ' s  velum s h o u l d  make it e a s i e r  f o r  t h e  
i n f a n t  t o  s e a l  o f f  t h e  n a s a l  c a v i t y  t h a n  f o r  an a d u l t .  
Therefore, the nasalization cannot be due to anatomical 
constraints and probably results from poor motor control. 
Buhr also reports that /u/, /o/, and 3 are developed 
fairly late by his subject. Since /u/ was the vowel most 
easily synthesized by the model, his observation . tends to 
support the hypothesis that vocal-tract anatomy is not the 
limiting factor in the acquisition of vowels. The three 
vowels u o and /3/  are the only English vowels which 
require lip rounding and therefore have an area function with 
two constrictions, one at the tongue hump and one at the lips. 
The simultaneous formation of these two constrictions probably 
requires better neuromuscular control than is needed for the 
single constrictions in /a/ or /i/. Another explanation for 
the late appearance of these vowels, pointed out by Buhr 
(1980), is that the muscles responsible for lip rounding may 
mature later than other muscles in the oro-facial region. 
However, an entirely different interpretation exists for 
Buhr's results. Many of the vowels /u/, /o/, and /3/ produced 
by the subject in Buhr's study may have been excluded because 
of the inability of the experimenter to identify the vowel or 
because of his inability to measure all three formants of the 
vowel. The latter problem can be expected to occur 
particularly frequently with /u/, /o/, and /3/ because of the 
inherently low amplitude of the third formant in these vowels. 
Buhr mentions that identification of the third formant of /u/ 
was indeed a problem. Also, in an F1-~2 plot of all vowels 
produced by h i s  s u b j e c t  a t  64 w e e k s  f o r  which Buhr was a b l e  t o  
measure t h e  f i r s t  two f o r m a n t s ,  a  l a r g e  number of 
" u n i d e n t i f i e d "  vowels  were p r e s e n t  i n  t h e  r e g i o n  where one 
would e x p e c t  t o  f i n d  /u/ ,  /o / ,  and / 3 / .  ( I f  Buhr was n o t  a b l e  
t o  measure t h e  t h i r d  fo rmant  o f  a  vowel ,  t h a t  vowel was 
l a b e l e d  a s  " u n i d e n t i f i e d " . )  
6.4 Non-uniform s c a l i n g  o f  fo r i an t  f r e q u e n c i e s  
6 .4 .1  Method of  e x p l o r i n g  male-female fo rmant  s c a l i n g  
The l a s t  a r e a  t o  be e x p l o r e d  w i t h  t h e  v o c a l - t r a c t  model 
is  t h e  s u b j e c t  of  non-uniform s c a l i n g  of  fo rmant  f r e q u e n c i e s  
from men t o  women t o  c h i l d r e n .  The f i r s t  s t e p  i n .  t h i s  p r o c e s s  
i n v o l v e s  f i n d i n g  a r t i c u l a t o r y  c o n f i g u r a t i o n s  f o r  v a r i o u s  
vowels  w i t h  t h e  model s e t  f o r  an a d u l t  man. A s  e x p l a i n e d  i n  
s e c t i o n  6 .2 ,  age  20  was used t o  r e p r e s e n t  a d u l t s .  The vowels  
chosen f o r  s i m u l a t i o n  were /i/, / e / ,  /z/,  /a/, /o / ,  and /u / ,  
because  t h e s e  vowels  were used by Nordstrom (1977) i n  h i s  
s t u d y  of  nonuniform s c a l i n g  and because  each  se t  of a v e r a g e  
fo rmant  f r e q u e n c i e s  g i v e n  f o r  t h e s e  vowels  by F a n t  (1975a) 
r e p r e s e n t e d  a t  l e a s t  5 o f  t h e  6  l a n g u a g e s  t h a t  F a n t  su rveyed  
i n  h i s  s t u d y  of non-uniform s c a l i n g .  S i n c e  t h e  program used 
f o r  c o n v e r t i n g  a r e a  f u n c t i o n s  t o  formant  f r e q u e n c i e s  d i d  n o t  
i n c l u d e  t h e  r e a c t i v e  e f f e c t s  of non- r ig id  w a l l s ,  t h e  formant  
f r e q u e n c i e s  c a l c u l a t e d  by t h i s  program were c o r r e c t e d  u s i n g  
t h e  fo rmula  
where Fw i s  t h e  resonance  of  t h e  c l o s e d  v o c a l  t r a c t ,  Fni i s  
t h e  i n i t i a l  formant  f r equency  w i t h o u t  t h e  e f f e c t s  of  y i e l d i n g  
walls, ,  and Fn is t h e  c o r r e c t e d  formant  f requency .  Values  used 
f o r  Fw were 175 Hz f o r  men and 200 Hz f o r  women ( F a n t ,  1972) .  
The t a r g e t s  used f o r  t h e  formant  f r e q u e n c i e s  t o  be d e r i v e d  
from t h e  model were t h o s e  g iven  'by Fan t  (1975a) . 
A f t e r  f i n d i n g  a r t i c u l a t o r y  c o n f i g u r a t i o n s  f o r  t h e  f i v e  
vowels f o r  a d u l t  men, v a l u e s  were d e r i v e d  f o r  t h e  a r t i c u l a t o r y  
v a r i a b l e s  t o  y i e l d  t h e  "same" a r t i c u l a t o r y  c o n f i g u r a t i o n s  f o r  
women. F i r s t ,  t h e  v a r i a b l e s  of  t h e  model were set  f o r  a  
p a r t i c u l a r  vowel f o r  a d u l t  men. Next ,  t h e  s ex  of t h e  modelled 
v o c a l  t r a c t  was d e s i g n a t e d  a s  female ,  changing t h e  r e s t i n g  
d imensions  of t h e  v o c a l  t r a c t  t o  female  v a l u e s .  The model t h e n  
a u t o m a t i c a l l y  a d j u s t e d  a l l  movab l e - s t r uc tu r e  v a r i a b l e s  i n  
accordance  w i th  t h e  r u l e s  f o r  v a r i a b l e  s c a l i n g  g iven  i n  
s e c t i o n  3 . 4 .  Since  t h e s e  r u l e s  o n l y  g i v e  a  rough approx imat ion  
t o  t h e  new a r t i c u l a t o r y  c o n f i g u r a t i o n ,  t h e  fo l l owing  two 
s t r a t e g i e s  were used i n  o r d e r  t o  r e f i n e  t h e  e s t i m a t e .  The a r e a  
f u n c t i o n s  of / i/,  /e / ,  /=/, and /a/ each have a t  l e a s t  one 
major c o n s t r i c t i o n ,  wh i l e  t h e  a r e a  f u n c t i o n s  of  /o/ and /u/ 
each  have two c o n s t r i c t i o n s .  For t h e  f i r s t  s i m u l a t i o n ,  t h e  
s i z e s  of  t h e s e  c o n s t r i c t i o n s  were fo r ced  t o  be e q u a l  t o  t h e  
s i z e s  of t h e  r e s p e c t i v e  c o n s t r i c t i o n s  i n  t h e  a r e a  f u n c t i o n s  of 
t h e  male vowels.  The n e c e s s a r y  ad ju s tmen t s  were made i n  t h e  
a r t i c u l a t o r y  pa r ame te r s  by moving t h e  l o c a t i o n  of  t h e  tongue 
body toward o r  away from t h e  c l o s e s t  p o i n t  on t h e  
p o s t e r o - s u p e r i o r  w a l l  of  t h e  v o c a l - t r a c t  o u t l i n e .  For /o/ and 
u ,  t h e  v e r t i c a l  s p a c i n g  between t h e  l i p s  was a d j u s t e d  a s  
w e l l  a s  t h e  l o c a t i o n  of  t h e  tongue  body. For t h e  second 
s i m u l a t i o n ,  t h e  a r e a s  o f  t h e  c o n s t r i c t i o n s  i n  t h e  female  a r e a  
f u n c t i o n s  were c o n s t r a i n e d  t o  be 8 0 %  o f  t h e  c o n s t r i c t i o n s  i n  
t h e  male a r e a  f u n c t i o n s .  The a r t i c u l a t o r y  c o n f i g u r a t i o n s  
d e r i v e d  f o r  men and women, t h e  c o r r e s p o n d i n g  a r e a  f u n c t i o n s ,  
t h e  fo rmant  f r e q u e n c i e s  and a r t i c u l a t o r y  v a r i a b l e s  a r e  g i v e n  
i n  Appendix 11. 
6 . 4 . 2  R e s u l t s  of  male-female s c a l i n g  
F i g u r e  6.16 shows t h e  male-female fo rmant  s c a l e  f a c t o r s  
computed from t h e  model s i m u l a t i o n  t o g e t h e r  w i t h  t h e  s c a l e  
f a c t o r s  obse rved  by Fan t  (1975a)  i n  h i s  s i x  l anguage  s t u d y .  
Agreement is q u i t e  good f o r  K 3 ,  f a i r  f o r  K 2 ,  and a l m o s t  
n o n e x i s t e n t  f o r  K1. O v e r a l l ,  t h e  agreement  of model s c a l e  
f a c t o r s  w i t h  s c a l e  f a c t o r s  obse rved  i n  n a t u r a l  speech  is no 
b e t t e r  o r  worse t h a n  t h e  agreement  produced by s c a l i n g  number 
3 of t h e  Nordstrom (1977)  s t u d y ,  b u t  t h e  a c c u r a c y  of  t h e  
m o d e l ' s  e s t i m a t e s  v e r s u s  Nords t rom's  e s t i m a t e s  d o e s  v a r y  
somewhat by formant  number. A c l o s e r  e x a m i n a t i o n  of  how t h e  
model p r e d i c t i o n s  and Nords t rom's  p r e d i c t i o n s  d i f f e r  from t h e  
male-female s c a l e  f a c t o r s  obse rved  i n  n a t u r a l  speech  may shed 
some more l i g h t  on t h e  s c a l i n g  problem. 
Figure 6.16 Male-female formant scale factors as observed 
by Fant (1975a) (solid dots), as computed from model- 
generated area functions with equal constriction areas for 
males and females (x's), and as computed from model-gener- 
ed area functions where constriction areas for females 
were 80% of those for males (open squares). 
Nordstrom chose  h i s  t h i r d  set  of mouth and pharynx s c a l e  
f a c t o r s  a s  t h e  s c a l e  f a c t o r s  t o  r e p r e s e n t  t h e  d i f f e r e n c e s  
between h i s  male speaker  and t h e  p r o t o t y p i c a l  female  speaker .  
S c a l e  f a c t o r s  f o r  female mouth and pharynx c a v i t y  r e l a t i v e  t o  
male were 0.95 and 0.80 r e s p e c t i v e l y .  Although t h e s e  v a l u e s  
were ob t a ined  by uniform enlargement  of t h e  s c a l e  f a c t o r s  f o r  
an 8-year-old g i r l  r e l a t i v e  t o  a d u l t  men (Chiba and Kajiyama, , 
1941) , t h e y  compare w e l l  wi th  t h e  s c a l e  f a c t o r s  0.95 and 0.74 
t h a t  were d e r i v e d  from t h e  v o c a l - t r a c t  model a t  age 20.  
Nordst rom's  e s t i m a t e s  of K3 were a l l  somewhat t o o  low because  
h i s  o v e r e s t i m a t i o n  of  t h e  pharynx s c a l e  f a c t o r  produced a  
female v o c a l  t r a c t  which was 87% of  t h e  t o t a l  l e n g t h  of  a  male 
v o c a l  t r a c t ,  whereas t h e  ave rage  t h i r d  fo rmants  of men and 
women would p r e d i c t  t h a t  t h e  female  voca l  t r a c t  is o n l y  85% of 
t h e  l e n g t h  of t h e  male v o c a l  t r a c t .  T h e r e f o r e ,  h i s  e s t i m a t e s  
of  K1 and K 2  a r e  a l s o  p robab ly  somewhat low. 
I t  is i n t e r e s t i n g  t h a t  Nordstrom chose  h i s  seemingly  
a r b i t r a r y  s c a l i n g  number 3  f o r  t h e  p r o t o t y p i c a l  female  i n s t e a d  
of  h i s  s c a l i n g  number 4 ,  which was based on measurements made 
by Fant  (1966) on t h e  x-ray of  a  female speake r .  A c a r e f u l  
examinat ion of  Nordst rom's  F1-~3 p l o t s  i n d i c a t e s  t h a t  s c a l i n g  
number 4 was no t  a s  s u c c e s s f u l  a s  t h e  t h i r d  s c a l i n g  i n  
p r e d i c t i n g  t h e  v a l u e s  of K 3  observed i n  n a t u r a l  speech ,  
i n d i c a t i n g  t h a t  F a n t ' s  female speaker  may n o t  have been v e r y  
r e p r e s e n t a t i v e  of t h e  g e n e r a l  female popu la t i on .  
One major d i f f e r e n c e  between t h i s  s t u d y  and t h a t  of 
Nordstrom is i n  t h e  t r e a t m e n t  of t h e  l a r y n x .  I n  Nords t rom's  
s i m u l a t i o n  of female  a r e a  f u n c t i o n s ,  t h e  l a r y n x  was s c a l e d  by 
t h e  same amounts a s  t h e  r e s t  of t h e  pharynx.  I n  t h e  r e s t  
p o s i t i o n  of t h e  v o c a l  t r a c t ,  which forms t h e  b a s i s  f o r  t h e  
v o c a l - t r a c t  model, t h e  d i ame te r  of  t h e  l a r y n x  t u b e  is  
app rox ima te ly  p r o p o r t i o n a l  t o  t h e  l e n g t h  of t h e  v o c a l  c o r d s .  
S i n c e  t h e  l e n g t h  of t h e  v o c a l  c o r d s  i n  women is 0 . 8  times t h e  
l e n g t h  of  t h e  v o c a l  c o r d s  i n  men, t h e  model t e n d s  t o  s c a l e  t h e  
c r o s s - s e c t i o n a l  a r e a  of t h e  l a r y n x  t u b e  by a  f a c t o r  of 0 .64  
when going from men t o  women. However, a s  e x p l a i n e d  i n  Chapter  
3 ,  t h e  speak ing  p o s t u r e  of  t h e  l a r y n x  is  p robab ly  n o t  t h e  same 
a s  t h e  r e s t  p o s t u r e  of  t h e  l a r y n x ,  a s  has  been obse rved  i n  
x-ray f i l m s  of a  male s u b j e c t .  J u s t  b e f o r e  speech  b e g i n s ,  t h e  
l a r y n x  r i s e s  s l i g h t l y ,  and t h e  l a r y n x  t u b e  c o n t r a c t s .  Because 
t h e  model u se s  s t r a i g h t  l i n e s  t o  r e p r e s e n t  t h e  l a r y n x  r e g i o n  
and because  it m a i n t a i n s  a f i x e d  l e n g t h  f o r  t h e  v o c a l  c o r d s ,  
i t  canno t  a c c u r a t e l y  r e f l e c t  a  c o n t r a c t i o n  of a r e a  i n  t h e  
l a r y n x  t ube .  At tempts  t o  s i m u l a t e  an a r t i c u l a t o r y  
c o n f i g u r a t i o n  which produced t h e  formant  f r e q u e n c i e s  r e p o r t e d  
by P e t e r s o n  and Barney (1952) f o r  a d u l t  male /a/ were 
u n s u c c e s s f u l  because  t h e  l a r g e  l a r y n x  t u b e  p r even t ed  t h e  
p r o d u c t i o n  of  a  s u f f i c i e n t l y  h igh  F1. (The ave rage  F~ r e p o r t e d  
by Fant  (1975a) f o r  a d u l t  male /a/ i n  h i s  s ix - l anguage  s t u d y  
/ 
was 60 Hz lower t han  t h e  v a l u e  r e p o r t e d  by P e t e r s o n  and 
Barney,  t h e r e b y  making it p o s s i b l e  f o r  t h e  model t o  s i m u l a t e  
F a n t ' s  r e p o r t e d  male a .  The model had no problems 
s i m u l a t i n g  t h e  r e p o r t e d  formant  f r e q u e n c i e s  f o r  /a/  produced 
by women, p o s s i b l y  because  t h e  r e s t  p o s i t i o n  of  t h e  l a r y n x  i n  
women is c l o s e r  t o  t h e  s p e a k i n g  p o s t u r e .  T h e r e f o r e ,  t h e  
u n r e a l i s t i c  c o n s t r a i n t s  p l a c e d  on t h e  a r e a - f u n c t i o n  i n  t h e  
l a r y n x  r e g i o n  c o n s t i t u t e  a  s e r i o u s  f a i l i n g  of  t h e  v o c a l - t r a c t  
model. The model p r o b a b l y  over  e x a g g e r a t e d  t h e  d i f f e r e n c e s  of  
c r o s s - s e c t i o n a l  a r e a  i n  t h e  l a r y n x  between men and women. 
An examina t ion  of  F a n t ' s  (1975b) v o c a l - t r a c t  e n e r g y  
d i s t r i b u t i o n s  i n d i c a t e s  t h a t  t h e  over -exaggera ted  l a r y n x  
d i f f e r e n c e  between men and women p r o b a b l y  a f f e c t e d  t h e  mode l ' s  
p r e d i c t i o n  of K1 of  /a /  more t h a n  o t h e r  s c a l e  f a c t o r s .  The 
e n e r g y  d i s t r i b u t i o n s  show t h a t  p e r t u r b a t i o n s  o f  a r e a  i n  t h e  
a r e a  f u n c t i o n  f o r  /a/ have t h e i r  g r e a t e s t  a f f e c t  on F1 i f  made 
i n  t h e  l a r y n x  r e g i o n  and have  v e r y  l i t t l e  a f f e c t  i f  made 
e l s e w h e r e  i n  t h e  v o c a l  t r a c t .  The f i r s t  formant  of  /o/ behaves  
i n  a  s i m i l a r  manner,  e x c e p t  t h a t  i t s  v a l u e  can  a l s o  be 
a f f e c t e d  by changes  i n  l i p  a r e a .  Also  s e n s i t i v e  t o  changes  i n  
l a r y n x  a r e a  a r e  t h e  second f o r m a n t s  o f  /a /  and 0 ,  a l t h o u g h  
t h e s e  fo rmants  can  a l s o  be manipu la ted  by p e r t u r b i n g  t h e  a r e a  
f u n c t i o n  e l s e w h e r e  i n  t h e  v o c a l  t r a c t .  T h e r e f o r e ,  it is  
p o s s i b l e  t h a t  a  model w i t h  a  more a c c u r a t e  r e p r e s e n t a t i o n  of  
t h e  l a r y n x  might  be a b l e  t o  p r e d i c t  K1 and K~ of  /a /  and /o/ 
more a c c u r a t e l y  t h a n  t h e  model of  t h i s  s t u d y .  
Fan t  d e v o t e s  a  l a r g e  p a r t  of  h i s  1966 p a p e r  t o  a 
d i s c u s s i o n  of t h e  e f f e c t s  of  non-uniform c a v i t y  l e n g t h  s c a l i n g  
on t h e  second and t h i r d  f o r m a n t s  of /i/. Assuming F2 a s  t h e  
half-wave resonance  of  t h e  pharynx c a v i t y  and F j  a s  t h e  
half-wave resonance  of t h e  mouth c a v i t y ,  he c a l c u l a t e d  t h e  
l e n g t h s  of t h e  pharynx '  and mouth c a v i t i e s  of men and women 
from t h e  second and t h i r d  formant f r e q u e n c i e s  of  /i/ observed 
i n  Swedish. H i s  r e s u l t s  i n d i c a t e d  t h a t  t h e  female  pharynx is 
23 mm s h o r t e r .  t h an  t h e  male pharynx and t h e  female  mouth is 
1 3  mm shor . ter  t h a n  t h e  male mouth'. For an ave rage  male 
v o c a l - t r a c t  l e n g t h  of  165 mrn, t h e s e  c a v i t y  d i f f e r e n c e s  imply a 
female  v o c a l - t r a c t  l e n g t h  of 129 mm, which is o n l y  78% t h e  
l e n g t h  of t h e  male v o c a l  t r a c t  a s  opposed t o  85% a s  p r e d i c t e d  
by ave rage  t h i r d  formant v a l u e s  a c r o s s  d i f f e r e n t  vowels.  
Fan t  s u p p o r t s  h i s  f i n d i n g s  by c i t i n g  measurements made on 
x-rays of a  man and a woman s a y i n g  /i/. These measurements 
show t h a t  t h e  woman had a pharynx and mouth t h a t  were 21 mm 
and 12.5  mm s h o r t e r  t han  t h e  man's  pharynx and mouth. However, 
t h e  3550 Hz v a l u e  of  F3 obse rved  f o r  t h e  woman's /i/ is 220 Hz 
h ighe r  t han  t h e  ave r age  f o r  women, i n d i c a t i n g  t h a t  t h i s  
L 
s u b j e c t  does  n o t  r e p r e s e n t  t h e  g e n e r a l  p o p u l a t i o n  v e r y  well. 
F a n t ' s  pharynx and mouth c a v i t y  d i f f e r e n c e s  of 21 mm and 
12 .5  mm a l s o  do n o t  compare w e l l  w i t h  t h e  d i f f e r e n c e s  of 22 mm 
and 3 mm p r e d i c t e d  by t h e  model. An examina t ion  of  t h e  volume 
v e l o c i t y  a t  t h e  second and t h i r d  formant f r e q u e n c i e s  o f  men 
and women, a s  computed by t h e  model and shown i n  F i g u r e s  6.17 
and 6.18,  r e v e a l s  t h a t  F2 a p p e a r s  t o  be a f f i l i a t e d  w i th  t h e  
f r o n t  c a v i t y  i n  women and F3 w i t h  t h e  back c a v i t y .  However, 
I 
f o r  t h e  vowel /i/, t h e  ave r age  F3  f o r  men is 2950 H Z  and t h e  
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Figure 6.17 Amplitude of the volume velocity inside the 
vocal tract normalized to the same value at the mouth open- 
ing at the frequencies of the second and third formants 
compared with the area function for the production of /i/ 
by an adult male. As reported by Fant (1966), F is 
affiliated with the back cavity and F3 with the gront 
cavity . 
Distance from glottis (cm) 
Figure 6.18 Amplitude of the volume velocity inside the 
vocal tract at the frequencies of the second and third 
formants compared with the area function for the production 
of /i/ by an adult female. The cavity affiliations of F2 
and Fj are the opposite of those reported for the adult 
male ln Figure 6.17. 
a v e r a g e  F2 f o r  women is 2650 Hz, even though b o t h  appear  t o  be 
a f f i l i a t e d  w i t h  t h e  f r o n t  c a v i t y ,  which is 5% s h o r t e r  i n  
women. T h e r e f o r e ,  it a p p e a r s  t h a t  t h e  f r e q u e n c i e s  of  F2 and 
F3 i n  /i/ a r e  c o n s i d e r a b l y  i n f l u e n c e d  by c a v i t y  i n t e r a c t i o n ,  
i n d i c a t i n g  t h a t  K 2  and K 3  of /i/ c a n n o t  be used t o  o b t a i n  good 
e s t i m a t e s  of c a v i t y  r a t i o s  between men and women. 
Some f u r t h e r  e v i d e n c e  f o r  t h e  c a v i t y  r e v e r s a l  between men 
and women of  F2 and F3 f o r  h i g h  f r o n t  vowels  comes from t h e  
r e l a t i o n s h i p s  among t h e  fo rmant  s c a l e  f a c t o r s  f o r  /i/, /y/,  
and '  / a /  of Fant  ' s  s i x  l anguage  s t u d y  (1975a)  . F a n t ' s  d a t a  show 
t h a t  i n c r e a s e d  l i p  rounding from /i/ t o  /y/ t o  u d e c r e a s e s  
K 2  and i n c r e a s e s  K3. I f  F2 were t h e  back c a v i t y  r esonance  f o r  
bo th  men and women, K 2  would n o t  be s i g n i f i c a n t l y  a f f e c t e d  by 
l i p  round ing .  However, s i n c e  F2 is  a f f i l i a t e d  w i t h  t h e  f r o n t  
c a v i t y  i n  women, l i p  round ing  l o w e r s  F2 c o n s i d e r a b l y  f o r  
women, b u t  less s o  f o r  men, l e a d i n g  t o  a  lower K 2  f o r  rounded 
h i g h  f r o n t  vowels .  The o p p o s i t e  t r e n d  o c c u r s  f o r  K 3  because  
t h e  male F3 is  a s s o c i a t e d  w i t h  t h e  f r o n t  c a v i t y  and t h e r e f o r e  
is  more dependent  on lip rounding.  
6.4.3 I n t e r p r e t a t i o n  
A t  t h i s  p o i n t ,  it is a p p r o p r i a t e  t o  r e t u r n  t o  t h e  
q u e s t i o n :  Does anatomy a c c o u n t  f o r  t h e  non-uniform formant  
s c a l i n g  between men and women? From t h e  p r e c e d i n g  d i s c u s s i o n ,  
it a p p e a r s  t h a t  an a c c u r a t e  and d e t a i l e d  d e s c r i p t i o n  of 
a n a t o m i c a l  d i f f e r e n c e s  between men and women can a c c o u n t  f o r  
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s l i g h t l y  more of t h e  non-uniform formant  s c a l i n g  t h a n  t h e  
s imp le  c a v i t y  s c a l e  f a c t o r s  used by Nordstrom, b u t  t h a t  
s e r i o u s  d i s c r e p a n c i e s  remain ,  p a r t i c u l a r l y  i n  K1. The n e x t  
q u e s t i o n  t o  be asked is: What a ccoun t s  f o r  t h e  remaining 
nonuni fo rmi ty?  I n  o r d e r  t o  a d d r e s s  t h i s  q u e s t i o n ,  a  new method 
of  d i s p l a y i n g  male-female formant  r e l a t i o n s h i p s  is d e s i r a b l e ,  
because  s c a l e  f a c t o r s  p l o t t e d  by vowel c a t e g o r i e s  t end  t o  
obscu re  f r equency - r e l a t ed  t r e n d s  i n  t h e  K v a l u e s .  
I n  h i s  1975 a r t i c l e ,  Nordstrom a rgues  f o r  t h e  u se  of  a  
s imp le  F1-F2 p l o t  by i n t r o d u c i n g  t h e  concep t  of a  t r a j e c t o r y :  
t h e  l i n e  connec t i ng  o b s e r v a t i o n s  of t h e  same vowel f o r  
d i f f e r e n t  g roups  of s p e a k e r s .  H e  c l a i m s  t h a t  nonuniform 
formant  s c a l i n g  is  r e l a t e d  t o  t h e  e x t e n t  t h a t  t h e s e  
t r a j e c t o r i e s  d i f f e r  from s t r a i g h t  l i n e s  drawn from t h e  o r i g i n  
t o  t h e  vowel of one of t h e  speaker  g roups .  However, t h e  
t r a j e c t o r y  r e p r e s e n t a t i o n  is a l s o  mi s l ead ing  f o r  t h e  f o l l owing  
r ea son .  A s  long a s  K1 is  app rox ima te ly  t h e  same a s  K 2  f o r  a  
g i v e n  vowel,  t hen  t h e  t r a j e c t o r y  f o r  t h a t  vowel w i l l  c o i n c i d e  
w i th  t h e  s t r a i g h t  l i n e  from t h e  o r i g i n  t o  t h e  P I - F ~  l o c a t i o n  
of  t h a t  vowel f o r  one of  t h e  speaker  g roups .  I f  a  second 
vowel a l s o  has  a  f i r s t  formant  s c a l e  f a c t o r  e q u a l  t o  t h e  
second formant s c a l e  f a c t o r  b u t  d i f f e r e n t  from t h e  s c a l e  
f a c t o r s  of t h e  f i r s t  vowel,  t hen  t h e  t r a j e c t o r y  of  t h e  second 
vowel is a l s o  c o i n c i d e n t  w i th  a s t r a i g h t  l i n e  t o  t h e  o r i g i n .  
The i n fo rma t ion  t h a t  t h e  s c a l e  f a c t o r s  of  t h e  f i r s t  vowel a r e  
d i f f e r e n t  from t h e  s c a l e  f a c t o r s  of t h e  second vowel is 
i n c l u d e d  i n  t h e  l e n g t h  of  t h e  t r a j e c t o r y  a l o n g  w i t h  t h e  
i n f o r m a t i o n  a b o u t  t h e  o v e r a l l  d i f f e r e n c e s  i n  v o c a l - t r a c t  
l e n g t h .  U n f o r t u n a t e l y ,  t h e  e f f e c t  of  v o c a l - t r a c t  l e n g t h  
i n f o r m a t i o n  on t h e  l e n g t h  of  t h e  t r a j e c t o r y  v a r i e s  w i t h  t h e  
F1-F2 l o c a t i o n  of t h e  vowel,  t h e r e b y  o b s c u r i n g  t h e  non-uniform 
s c a l i n g  i n f o r m a t i o n .  
If one e l i m i n a t e s  t h e  e f f e c t s  of  o v e r a l l  v o c a l - t r a c t  
l e n g t h  d i f f e r e n c e s  between d i f f e r e n t  g roups  of  s p e a k e r s  from 
a n  F1-F2 p l o t ,  one is l e f t  w i t h  t h e  nonuniform s c a l i n g  
e f f e c t s ,  which a r e  presumably  due t o  a n a t o m i c a l  d i f f e r e n c e s  o r  
d i a l e c t  d i f f e r e n c e s .  E x a c t l y  how one s h o u l d  e l i m i n a t e  t h e  
v o c a l - t r a c t  l e n g t h  e f f e c t s  is a  m a t t e r  of  c o n t r o v e r s y .  
Nordstrom and Lindblom (1975) s u g g e s t  m u l t i p l y i n g  t h e  
f r e q u e n c y  of each  fo rmant  o f  e a c h  female  vowel by t h e  r a t i o  of  
t o t a l  female  v o c a l - t r a c t  l e n g t h  t o  t o t a l  male v o c a l - t r a c t  
l e n g t h .  Fan t  (1975a)  s u g g e s t s  add ing  a  1 0  mm end c o r r e c t i o n  
t o  t h e  v o c a l - t r a c t  l e n g t h s .  A l t e r n a t i v e l y ,  one c o u l d  v a r y  t h i s  
end c o r r e c t i o n  w i t h  t h e  e x p e c t e d  a r e a  of  l i p  opening f o r  e a c h  
vowel. W i t h  t h e  e n d - c o r r e c t i o n  g i v e n  by 0 .8  ( A o / = )  ' where A. is  
t h e  l i p  a r e a ,  t h e  c o r r e c t i o n  v a r i e s  from a b o u t  10  mm f o r  open 
vowels  t o  a b o u t  4 mm f o r  rounded vowels .  
F i g u r e  6.19 shows an  Q - F ~  p l o t  of t h e  F a n t  s i x - l a n g u a g e  
d a t a  w i t h  t h e  female  d a t a  s c a l e d  down i n  f r e q u e n c y  a c c o r d i n g  
t o  t h e  formula  
Figu re  6.19 F2 v e r s u s  F  o f  average  formant  f r e q u e n c i e s  1 
r e p o r t e d  by F a n t  (1975a) i n  h i s  s ix- language s tudy .  The 
c r o s s e s  r e p r e s e n t  male average  formant  f r e q u e n c i e s .  The 
circles show l o c a t i o n s  o f  female  vowels a f t e r  t h e  formant  
f r e q u e n c i e s  w e r e  m u l t i p l i e d  by t h e  f a c t o r  0.849, c o r r e -  
sponding t o  t h e  r a t i o  o f  female v o c a l - t r a c t  l e n g t h  t o  male 
v o c a l - t r a c t  l e n g t h  w i t h  a 10 mm end c o r r e c t i o n  f o r  each .  
where Ff is t h e  obse rved  formant  f requency  of t h e  female  
* 
vowel,  Ff is its scaled-down c o u n t e r p a r t  and Lf and Lm a r e  t h e  
l e n g t h s  of t h e  female  and male v o c a l  t r a c t s  a s  measured from 
t h e  v o c a l - t r a c t  model a t  age  20. The most s t r i k i n g  t h i n g  abou t  
t h e  p l o t  of F igu re  6.19 is t h e  f a c t  t h a t  a l l  of t h e  female  
vowels a r e  p e r i p h e r a l  t o  t h e  male vowels.  F i g u r e  6.20 p r e s e n t s  
t h e  formant  d a t a  computed -by t h e  model i n  t h e  same 
leng th-normal ized  manner. Comparison of  F i g u r e s  6.19 and 6.20 
r e v e a l s  t h a t  t h e  o n l y  male-female d i f f e r e n c e  p r e d i c t e d  w i t h  
any a c c u r a c y  is f o r  t h e  vowel /=/. AS mentioned p r e v i o u s l y ,  
t h e  i naccu racy  of t h e  mode l ' s  r e p r e s e n t a t i o n  of  t h e  male 
l a r y n x  t ube  p robab ly  accoun t s  f o r  t h e  exagge ra t ed  male-female 
d i f f e r e n c e s  f o r  /a/. 
I 
One i n t e r e s t i n g  a s p e c t  of t h e  mode l ' s  s i m u l a t i o n  of  t h e  
vowels /a /  and /E/ conce rns  t h e  e f f e c t  of v a r y i n g  t h e  s i z e  of  
t h e  tongue c o n s t r i c t i o n ,  a s  evidenced by t h e  d i f f e r e n c e  
between t h e  e q u a l  c o n s t r i c t i o n - a r e a  s i m u l a t i o n  of  female  
vowels and t h e  s i m u l a t i o n  wi th  c o n s t r i c t i o n s  a t  80% of t h e  
a r e a s  of t h e  male c o n s t r i c t i o n s .  For /=/, t h e  main e f f e c t  of 
t h e  c o n s t r i c t i o n  s i z e  is t o  s h i f t  F1, wh i l e  f o r  / a / ,  o n l y  t h e  
second formant  is a f f e c t e d .  An examina t ion  o f  F a n t ' s  
s i x - l anguage  d a t a  i n  F i g u r e  6.19 shows t h a t  t h e  observed 
male-female d i f f e r e n c e s  occur  i n  t h e  same manner, implying 
t h a t  women man ipu l a t e  t h e  s i z e  of  t h e  c o n s t r i c t i o n  such  t h a t  
t h e i r  vowels become somewhat more p e r i p h e r a l  t h a n  t h o s e  of  
men. F a n t ' s  (1975b) v o c a l - t r a c t  energy  d i s t r i b u t i o n  d a t a  
Figure 6.20 F2 versus F of model-generated formant frequen- 1 
cies. The x's represent the simulated adult male formant 
frequencies. The triangles are derived from the adult female 
formant frequencies computed from the area functions with 
constrictions having areas equal to the constrictions in the. 
male area functions. The circles are derived from female 
area functions with constrictions whose areas are 80% of those 
found in the male area functions. All female formant frequen- 
cies were multiplied by the factor 0.849 before being plotted. 
confirms that F2 of /a/ is sensitive to the size of the tongue 
constriction, while F1 of /a/ is not. Unfortunately, Fant did 
not study the vowel /z/. 
The first formants of /u/, /o/, e ,  and /i/ are all 
easily manipulated by varying constriction sizes. For /e/ and 
/i/, the constriction made by the tongue in the mouth cavity 
has a large effect on F1 because the mouth is the neck of the 
Helmholtz resonator which produces F1. For /u/ and 0 ,  the 
first formant is very dependent on lip rounding, which is also 
easily varied. According to Fant's energy-distribution data, 
the second formant of /u/ and /o/ is easily controlled by the 
size of the tongue constriction. The second formants of /i/ 
and /e/ are not greatly affected by constriction size, but 
, 
since F2 is a mouth-cavity resonance in women, this formant 
can be raised by lip-spreading. 
From the preceding discussion, it would appear that, 
wherever possible, women tend to use articulations which 
produce a somewhat wider vowel space than the ones used by 
men. This wider vowel space does not appear to be dictated by 
h 
the constraints of anatomy. These observations are a slight 
modification of Fant's (1975a) statement that "Whenever the 
articulators are free to compensate we may accordingly expect 
a reduction of male-female differences." Apparently, we may 
expect a reduction in male-female differences if this 
reduction will widen the female vowel space, or we may expect 
an increase in male-female diiferences if this increase will 
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widen t h e  f e m a l e  vowel s p a c e .  
F u r t h e r  e v i d e n c e  a g a i n s t  an a n a t o m i c a l  e x p l a n a t i o n  o f  t h e  
wide r  f e m a l e  vowel s p a c e  c a n  be found i n  t h e  f o r m a n t  
f r e q u e n c i e s  of c h i l d r e n  r e p o r t e d  by  Eguch i  and  H i r s h  (1969). 
F i g u r e  6.21 shows a  l e n g t h - n o r m a l i z e d  F1-~2  p l o t  o f  t h e s e  
d a t a .  A l though  t h e  d a t a  a r e  somewhat n o i s y ,  t h e y  t e n d  t o  show 
a  vowel s p a c e  which is expand ing  w i t h  a g e ,  and n o t  one  which 
is o u t s i d e  o f  t h e  male vowel s p a c e ,  a s  is t h e  case f o r  women. 
A p l o t  o f  t h e  c h i l d - m a l e  f o r m a n t  s ca l e  f a c t o r s ,  shown i n  
F i g u r e  6 .21 ,  shows t h a t  t h e  major  d i f f e r e n c e  be tween t h e  women 
and c h i l d r e n  is i n  t h e  f i r s t  f o r m a n t .  I t  is i n t e r e s t i n g  t h a t  
. 
t h e  model was l e a s t  a b l e  t o  p r e d i c t  male- female  f o r m a n t  
s c a l i n g s  f o r  t h e  f i r s t  f o r m a n t .  
One migh t  a sk  a t  t h i s  time why t h e  female-male and 
c h i l d - m a l e  s c a l e  f a c t o r s  computed from t h e  P e t e r s o n  and Barney  
(1952)  d a t a  a r e  s o  s i m i l a r .  A s  d i s c u s s e d  by Nordstrom ( 1 9 7 5 ) ,  
t h e  s u b j e c t s  of  t h e  S e t e r s o n  and Barney  s t u d y  were n o t  
c a r e f u l l y  c o n t r o l l e d  f o r  d i a l e c t .  T h e r e f o r e ,  t h e  s i m i l a r i t y  
o f  female-male and c h i l d - m a l e  s c a l e  f a c t o r s  may i n d i c a t e  t h a t  
t h e  men were t a k e n  from one  d i a l e c t  g r o u p ,  w h i l e  t h e  women and 
c h i l d r e n  came from a n o t h e r .  A l s o ,  no a g e  i n f o r m a t i o n  is g i v e n  
f o r  t h e  c h i l d r e n .  F u r t h e r  e v i d e n c e  t h a t  t h e  P e t e r s o n  and 
Barney  d a t a  may n o t  be  t y p i c a l  o f  t h e  g e n e r a l  p o p u l a t i o n  comes 
from t h e  r e l a t i v e l y  h i g h  K1 o f  /i/ and /u/ f o r  women, i n  
c o n t r a s t  t o  t h e  low K1 p r e d i c t e d  by F a n t ' s  s i x - l a n g u a g e  d a t a .  
Figure 6.21 Length normalized F -F plot of formant fre- 
quencies for men, women, and chiidrgn reported by Eguchi 
and Hirsh (1969). Formant frequencies of 3- to 6-year-old 











multiplied by scale factors of 0.669, 0.735, and 0.849, 
respectively. Scale factors were computed from the vocal- 
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A f i n a l  q u e s t i o n  t o  be a d d r e s s e d  is why women t e n d  t o  
p r e f e r  a  wider  vowel s p a c e  t h a n  men. The f i r s t  e x p l a n a t i o n  
t h a t  comes t o  mind is t h a t  women a r e  t r y i n g  t o  compensate f o r  
t h e  undersampl ing  of  t h e  vowel spec t rum and p o s s i b l e  l o s s  of  
i n t e l l i g i b i l i t y  caused  by t h e i r  h i g h e r  fundamenta l  f r equency .  
However, Chen (1980) found t h a t  p e o p l e  t e n d  t o  u s e  a  h i g h e r  
t h a n  u s u a l  fundamenta l  f r e q u e n c y  when a t t e m p t i n g  t o  i n c r e a s e  
t h e i r  i n t e l l i g i b i l i t y .  Another  p o s s i b i l i t y  is t h a t  " t h e r e  
e x i s t s  a  u n i v e r s a l  f e m i n i s t i c  p r e f e r e n c e  f o r  c e r t a i n  vowel 
q u a l i t i e s "  ( F a n t ,  1 9 7 5 a ) .  The u n i v e r s a l  t r e n d  may be t h a t  
women p r e f e r  a  wider  vowel t r i a n g l e  because  of  a  t endency  t o  
speak more c l e a r l y .  I n  s t u d i e s  of  American E n g l i s h ,  Labov 
(1972)  and Zue and L a f e r r i e r e  (1979) have  obse rved  t h a t  women 
t e n d  t o  speak more c a r e f u l l y ,  a v o i d i n g  t h e  p h o n o l o g i c a l  
changes  t h a t  u s u a l l y  o c c u r  i n  c a s u a l  speech .  However, i n  a  
s t u d y  of A r a b i c ,  Kahn (1974)  r e p o r t e d  t h a t  t h e  speech  of  women 
showed fewer a c o u s t i c  c u e s  f o r  p h a r y n g e a l i z e d  sounds  t h a n  d i d  
t h e  speech of men. Also ,  t h e  male-female fo rmant  s c a l e  f a c t o r s  
f o r  t h e  Arab ic  vowels  showed t r e n d s  t h a t  were t h e  o p p o s i t e  of 
t h o s e  obse rved  by Fant  ( 1 9 6 6 ) .  F a n t ' s  1966 paper  was based on 
s t u d i e s  of Swedish and American E n g l i s h .  H i s  s i x - l a n g u a g e  
s t u d y  (1975a) i n c l u d e d  Swedish,  American E n g l i s h ,  ~ a n i s h ,  
E s t o n i a n ,  Dutch, and Serbo-Croa t i an ,  a l l  from w e s t e r n  
c u l t u r e s .  A t endency  by women t o  speak more c l e a r l y  may 
t h e r e f o r e  be a  c u l t u r a l  phenomenon. 
Recent  s t u d i e s  by P icheny  and Dur lach  (1979)  and Chen 
(1980)  show t h a t  t h e  vowel s p a c e  o f  a  p e r s o n  d o e s  indeed  widen 
when t h a t  p e r s o n  is t r y i n g  t o  speak c l e a r l y .  But whether  
female  speech  is g e n e r a l l y  more i n t e l l i g i b l e  t h a n  male speech  
h a s  n o t  y e t  been e s t a b l i s h e d .  A s t u d y  by M a r g u l i e s  (1979) of 
u n t r a i n e d  s p e a k e r s  i n d i c a t e d  t h a t  women were more i n t e l l i g i b l e  
t h a n  men. However, a  s t u d y  by P icheny  and Dur lach  (1979) of 
two CBS announcers  showed t h a t  t h e  man was more i n t e l l i g i b l e  
t h a n  t h e  woman f o r  h e a r  ing- impa i red  l i s t e n e r s .  
6.5 D i r e c t i o n s  f o r  f u t u r e  r e s e a r c h  
A s  p o i n t e d  o u t  i n  s e c t i o n  6.1,  t h e  v o c a l - t r a c t  model 
deve loped  i n  t h i s  s t u d y  h a s  numerous i n a c c u r a c i e s  due  t o  a  
l a c k  of a v a i l a b l e  measurements  on t h e  s i z e  and s h a p e  of  t h e  
v o c a l  t r a c t  a t  v a r i o u s  a g e s .  A f i r s t  avenue of  r e s e a r c h  would 
be t o  t r y  t o  f i l l  i n  t h e  g a p s  i n  our  knowledge o u t l i n e d  i n  
s e c t i o n  6.1. Of p a r t i c u l a r  impor tance  would be a  thorough  
s t u d y  of t h e  pharynx and l a r y n x  r e g i o n s .  S u r p r i s i n g l y ,  one of 
t h e  more s e r i o u s  g a p s  of  i n f o r m a t i o n  c o n c e r n s  a d u l t  men. 
S i n c e  t h e  a d o l e s c e n t  growth s p u r t  is n e a r l y  comple ted  i n  g i r l s  
by age  1 6 ,  it is p o s s i b l e  t o  p r e d i c t  t h e  a d u l t  female  
d imens ions  of t h e  v o c a l  t r a c t  from d a t a  on growth up t o  age  
1 6 ,  such a s  t h e  d a t a  found i n  t h e  King (1952)  s t u d y .  I n  
c o n t r a s t ,  most boys have n o t  r eached  t h e i r  a d u l t  s i z e  by age  
16.  T h e r e f o r e ,  more i n f o r m a t i o n  is needed on t h e  l a t e r  s t a g e s  
o f  t h e  a d o l e s c e n t  growth s p u r t  i n  boys and on t h e  f i n a l  
a v e r a g e  d i m e n s i o n s  a t t a i n e d  i n  a d u l t  men. 
An a r e a  t h a t  was n o t  a d d r e s s e d  a t  a l l  by t h e  p r e s e n t  
s t u d y  is t h a t  o f  p h y s i o l o g i c a l  d i f f e r e n c e s  w i t h  a g e  and s e x .  
I t  is known, f o r  example ,  t h a t  a  f i x e d  landmark  on t h e  s u r f a c e  
o f  t h e  t o n g u e  - t h e  foramen cecum - moves from a  l o c a t i o n  i n  
t h e  o r a l  c a v i t y  a t  b i r t h  t o  a  p o s i t i o n  i n  t h e  pha rynx  c a v i t y  
i n  a d u l t h o o d  ( C r e l i n ,  1973) ' .  T h e r e f o r e ,  a s  t h e  l a r y n x  moves 
downward, it t e n d s  t o  p u l l  t h e  t o n g u e  downward a l s o .  No one  
h a s  s t u d i e d  how t h i s  r e a r r a n g e m e n t  o f  t h e  t o n g u e  p o s t u r e  
a f f e c t s  t h e  l o c a t i o n s  o f  i n d i v i d u a l  m u s c l e s  and t h e  
c o n s e q u e n c e s  o f  c e r t a i n  musc le  c o n t r a c t i o n s .  I t  is p o s s i b l e  
t h a t  because  o f  t h e  d i f f e r e n t  a r r a n g e m e n t  o f  t h e  t o n g u e  
m u s c u l a t u r e ,  c e r t a i n  a r t i c u l a t o r y  c o n f i g u r a t i o n s  may be e a s i e r  
f o r  i n f a n t s  t o  p r o d u c e  t h a n  f o r  a d u l t s ,  and v i c e  v e r s a .  
A s  s u g g e s t e d  i n  C h a p t e r  4 and s e c t i o n  6 . 1 ,  o u r  
u n d e r s t a n d i n g  o f  wave p r o p a g a t i o n  i n s i d e  t h e  v o c a l  t r a c t  i s  
a l s o  n o t  comple t e .  F u r t h e r  work n e e d s  t o  be done on t h e  
e f f e c t s  of  sudden  c h a n g e s  i n  c r o s s - s e c t i o n a l  a r e a ,  on t h e  
e f f e c t s  of  s i d e  c a v i t i e s ,  and on t h e  p r o p e r  l o c a t i o n  o f  t h e  
t e r m i n a t i o n  o f  t h e  v o c a l  t r a c t .  
F i n a l l y ,  no a t t e m p t  was made i n  t h i s  s t u d y  t o  a d d r e s s  t h e  
i s s u e  of  vowel n o r m a l i z a t i o n  by l i s t e n e r s .  F a n t  (1975a)  t r i e s  
t o  a r g u e  f o r  a  nonuni form s c a l i n g  o f  f o r m a n t  f r e q u e n c i e s  based  
on  o b s e r v e d  f o r m a n t  s c a l i n g s  between men and women. H e  
s u g g e s t s  t h a t  t h i s  nonuni form s c a l i n g  is a  means o f  removing 
a n a t o m i c a l  ' e f f e c t s  from t h e  vowels  of  d i f f e r e n t  g roups  of  
s p e a k e r s  i n  o r d e r  t o  a l l o w  comparison of  d i a l e c t s .  However, a  
d i a l e c t  is a  d i f f e r e n c e  of  vowel q u a l i t y  p e r c e i v e d  by a  
l i s t e n e r .  T h e r e f o r e ,  any n o r m a l i z a t i o n  p r o c e d u r e  whose purpose  
is t o  f a c i l i t a t e  d i a l e c t  s t u d y  must pe r fo rm t h e  n o r m a l i z a t i o n  
i n  such  a  way t h a t  a  l i s t e n e r  p e r c e i v e s  t h e  same vowel q u a l i t y  
b e f o r e  and a f t e r  n o r m a l i z a t i o n .  Anatomical  d a t a  and vowel 
p r o d u c t i o n  d a t a  a r e  p r o b a b l y  n o t  v e r y  r e l e v a n t  t o  p e r c e p t u a l  
n o r m a l i z a t i o n .  The r e a l  answers  l i e  i n  t h e  r e s u l t s  of  
p e r c e p t u a l  e x p e r i m e n t s .  F a c t o r s  t h a t  have been found i m p o r t a n t  
i n  v o w e l - q u a l i t y  p e r c e p t i o n  i n c l u d e  fundamenta l  f r e q u e n c y ,  
h i g h e r  formant  f r e q u e n c i e s ,  t h e  l e v e l  o r  bandwidth of 
f o r m a n t s ,  and g e n e r a l  r a t e  of  speech  (Slawsoh,  1968; F u j i s a k i  
and Kawashima, 1968; B e r n s t e i n ,  1976; S t r a n g e ,  e t  a l . ,  1 9 7 6 ) .  
Any vowel n o r m a l i z a t i o n  p r o c e d u r e  f o r ?  p e r c e p t u a l  purposes  
which does  n o t  t a k e  t h e s e  f a c t o r s  i n t o  a c c o u n t  is p r o b a b l y  
i n a d e q u a t e .  
APPENDIX I 
DATA FROM THE NEWBORN I N F A N T  SIMULATIONS 
I n  s e c t i o n  6 .3 ,  r e s u l t s  were p r e s e n t e d  from model 
s i m u l a t i o n  of newborn i n f a n t  c r y  and f o r  h y p o t h e t i c a l  newborn 
p r o d u c t i o n s  of /i/, /a/, and u .  Tab le  A l . l  g i v e s  model 
v a r i a b l e s  used t o  s y n t h e s i z e  c r i e s  f o r  a  normal newborn and an 
i n f a n t  s u s c e p t i b l e  t o  Sudden I n f a n t  Death Syndrome. F igu re  
A l . l  shows t h e  cor responding  a r e a  f u n c t i o n s .  Tab l e  A1.2 g i v e s  
t h e  model v a r i a b l e s  used t o  s y n t h e s i z e  t h e  vowels i ,  /Q/, 
and /u/ f o r  newborns. The same s e t  of v a r i a b l e s  was used f o r  
both  males and females .  Although vowels were s i m u l a t e d  f o r  
both  males and f ema le s ,  o n l y  t h e  a r e a  f u n c t i o n s  f o r  t h e  
females  a r e  shown i n  F igu re  A1.2 because of t h e i r  s i m i l a r i t y  
t o  t h e  male a r e a  f u n c t i o n s .  The a r e a  f u n c t i o n s  of t h e  
newborns were un i fo rmly  s t r e t c h e d  such t h a t  t h e i r  l e n g t h s  were 
e q u a l  t o  t h e  l e n g t h s  of  t h e  a r e a  f u n c t i o n s  t h a t  Fant  (1960) 
determined f o r  t h e  co r r e spond ing  vowels: 165 mm,  170 mm,  and 
195 mm r e s p e c t i v e l y  f o r  /i/, /a/, and /u/. Tab le  A1.3 g i v e s  
t h e  formant f r e q u e n c i e s  r e s u l t i n g  from t h e s e  s t r e t c h e d  a r e a  
f u n c t i o n s .  
T a b l e  A l . l  V a r i a b l e s  f o r  c r y  s i m u l a t i o n s  of  a  normal i n f a n t  
and an i n f a n t  s u s c e p t i b l e  t o  Sudden I n f a n t  Death Syndrome 
(SIDS) , 
VARIABLE NORMAL SIDS 
- normal 
1 0  
5 1 0  
Distance from g l o t t i s  (cm) 
SIDS 
Figure A l . 1  Area func t ions  f o r  c r i e s  of normal newborn 
i n f a n t  (upper f i g u r e )  and i n f a n t  s u s c e p t i b l e  t o  Sudden 
I n f a n t  Death Syndrome (lower f i g u r e ) .  
T a b l e  A1.2 V a r i a b l e s  f o r  t h e  i n f a n t  s i m u l a t i o n s  o f  /i/, / a / l  
and  /u / .  
VARIABLE 
T a b l e  A1.3 Formant  f r e q u e n c i e s  r e s u l t i n g  f rom t h e  i n f a n t  
s i m u l a t i o n s  o f  /i/, /a/,  and  /u/ .  
/i/ /a/ /u/ 
MALE FEMALE MALE FEMALE MALE FEMALE 
Figure A1.2 Area functions of the simulations of /i/, /a/, 
and /u/ for newborn infants. 
APPENDIX I1 
DATA FROM THE ACULT VOWEL SIMULATIONS 
I n  s e c t i o n  6 .4 ,  r e s u l t s  were p r e s e n t e d  from model 
s i m u l a t i o n  of t h e  vowels  /i/, /e / ,  /=/, /a/, /o/,  and /u/ f o r  
a d u l t  males  and females .  The f i g u r e s  and t a b l e s  of  t h e  
f o l l o w i n g  pages  g i v e  t h e  d e t a i l e d  d a t a  from t h e s e  s i m u l a t i o n s .  
Two t a b l e s  and two f i g u r e s  a r e  i n c l u d e d  f o r  each  vowel,  g i v i n g  
l a t e r a l  v o c a l - t r a c t  o u t l i n e s ,  v a l u e s  of  model p a r a m e t e r s  used 
t o  g e n e r a t e  t h e s e  o u t l i n e s ,  t h e  r e s u l t i n g  a r e a  f u n c t i o n s  and 
fo rmant  f r e q u e n c i e s ,  and volume v e l o c i t y  d i s t r i b u t i o n s  i n s i d e  
t h e  v o c a l  t r a c t  a t  each o f  t h e  l o w e s t  t h r e e  formant  
f r e q u e n c i e s .  A l l  volume v e l o c i t i e s  a r e  normal ized  t o  t h e  same 
Y 
v a l u e  a t  t h e  l i p  end of  t h e  a r e a  f u n c t i o n .  
A s  e x p l a i n e d  i n  s e c t i o n  6.4,  female  vowels  were s i m u l a t e d  
by s c a l i n g  t h e  male v o c a l - t r a c t  o u t l i n e s  down i n  s i z e  i n  
accordance  w i t h  t h e  r u l e s  f o r  t h e  s c a l i n g  of  v a r i a b l e s  g i v e n  
i n  s e c t i o n  3.4.  The a r t i c u l a t o r y  c o n f i g u r a t i o n s  were t h e n  
r e f i n e d  by a d j u s t i n g  t h e  body of t h e  tongue such  t h a t  t h e  
c r o s s - s e c t i o n a l  a r e a  a t  t h e  c o n s t r i c t i o n  was e q u a l  t o  t h e  
c r o s s - s e c t i o n a l  a r e a  a t  t h e  c o n s t r i c t i o n  i n  t h e  m a l e .  v o c a l  
t r a c t .  For t h e  vowels  /o/ and u  t h e  a r e a  o f  t h e  
c o n s t r i c t i o n  a t  t h e  l i p s  was a l s o  a d j u s t e d  t o  be t h e  same a s  
t h e  a r e a  a t  t h e  l i p s  found i n  t h e  male v o c a l  t r a c t .  A second 
s e t  of a r t i c u l a t o r y  c o n f i g u r a t i o n s  was d e r i v e d  by a d j u s t i n g  
t h e  c o n s t r i c t i o n s  i n  t h e  female  v o c a l  t r a c t s  t o  have 
c o r r e s p o n d i n g  c o n s t r i c t i o n  a r e a s  i n  t h e  male v o c a l  t r a c t s .  
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The data derived from these two simulations will be labeled 
"equal constriction arean and "80% constriction area" in the 
tables that follow. Because of the small differences between 
these two simulations in the vocal-tract outlines and area 
functions, only the 80% constriction-area data will be shown 
in the figures. 
MALE 
-- FEMALE 
Figure A2.1 Vocal-tract outlines for adult male and adult 
female for the production of /u/. 
Table ~ 2 . 1  Variables for the adult simulations of /u/. 
VARIABLE MALE FEMALE FEMALE 
EQUAL CONSTRICTION 80% CONSTRICTION 
AREA AREA 
Table A2.2 Formant frequencies resulting from the adult 
simulations of /u/. 
MALE FEMALE FEMALE 
EQUAL CONSTRICTION 80% CONSTRICTION 
AREA AREA 
Distance from glottis 
Figure A2.2 Distribution of volume velocity inside the vocal 
tract and area function for production of /u/ by adult male 
and adult female. 
Figure A2.3 Vocal-tract outlines for adult male and adult 
female for the production of /o/. 
T a b l e  A 2 . 3  V a r i a b l e s  f o r  t h e  a d u l t  s i m u l a t i o n s  of /o/. 




8 0 %  CONSTRICTION 
AREA 
T a b l e  A 2 . 4  F o r m a n t  f requencies  r e s u l t i n g  from t h e  a d u l t  
s i m u l a t i o n s  of /o/ .  
MALE FEMALE FEMALE 
EQUAL CONSTRICTION 8 0 %  CONSTRICTION 
AREA AREA 
Dis t ance  from g l o t t i s  ( c m )  
F i g u r e  A 2 . 4  D i s t r i b u t i o n  o f  volume v e l o c i t y  i n s i d e  t h e  v o c a l  
t r a c t  and a r e a  f u n c t i o n  f o r  p r o d u c t i o n  o f  /o/ by a d u l t  male 
and a d u l t  female .  
- MALE 
-- FEMALE 
Figure A2.5 Vocal-tract outlines for adult male and adult 
female for the production of /a/. 
T a b l e  A 2 . 5  V a r i a b l e s  f o r  t h e  a d u l t  s i m u l a t i o n s  of /a/. 
VARIABLE , MALE FEMALE 
EQUAL C O N S T R I C T I O N  
AREA 
FEMALE 
8 0 %  C O N S T R I C T I O N  
AREA 
T a b l e  A 2 . 6  F o r m a n t  frequencies r e s u l t i n g  f r o m  t h e  a d u l t  
s i m u l a t i o n s  of /a/. 
MALE FEMALE FEMALE 
EQUAL C O N S T R I C T I O N  8 0 %  C O N S T R I C T I O N  
AREA AREA 
5 10 15 
Distance from glottis (cm) 
Figure A2.6 Distribution of volume velocity inside the vocal 
tract and area function for production of /a/ by adult male 
and adult female. 
- M A L E  
-- FEMALE 
Figure A 2 . 7  Vocal-tract outlines for adult male and adult 
female for the production of /a?/. 
T a b l e  A 2 . 7  V a r i a b l e s  f o r  t h e  a d u l t  s i m u l a t i o n s  of / a / .  
VARIABLE MALE FEMALE FEMALE 
EQUAL CONSTRICTION 8 0 %  CONSTRICTION 
AREA AREA 
T a b l e  A 2 . 8  F o r m a n t  f requencies  r e s u l t i n g  from t h e  a d u l t  
s i m u l a t i o n s  of / a / .  
MALE FEMALE. FEMALE 
EQUAL CONSTRICTION ' 8 0 %  CONSTRICTION 
AREA AREA 
Distance from g l o t t i s  (cm) 
Figure A 2 . 8  D i s t r i b u t i o n  of volume v e l o c i t y  i n s i d e  t h e  vocal  
t r a c t  and a r e a  func t ion  f o r  product ion-of  /=/ by a d u l t  male 
and a d u l t  female. 
- M A L E  
-- F E M A L E  
Figure A2.9 Vocal-tract outlines for adult male and adult 
female for the production of /e/. 
T a b l e  A 2 . 9  V a r i a b l e s  f o r  t h e  a d u l t  s i m u l a t i o n s  of /e/. 
VARIABLE MALE FEMALE FEMALE 
EQUAL CONSTRICTION 8 0 %  CONSTRICTION 
AREA AREA 
T a b l e  A 2 . 1 0  F o r m a n t  frequencies '  r e s u l t i n g  from t h e  a d u l t  
s i m u l a t i o n s  of /e/, 
MALE FEMALE FEMALE 
EQUAL CONSTRICTION 8 0 %  CONSTRICTION 
AREA AREA 
Distance from glottis (cm) 
Figure A2.10 Distribution of volume velocity inside the vocal 
tract and area function for production of /e/ by adult male 
and adult female. 
MALE 
-- FEMALE 
Figure A2.11 Vocal-tract outlines for adult male and adult 
female for the production of /i/. 
T a b l e  A 2 . 1 1  V a r i a b l e s  f o r  t h e  a d u l t  s i m u l a t i o n s  of /i/. 
V A R I A B L E  MALE FEMALE FEMALE 
EQUAL C O N S T R I C T I O N  8 0 %  C O N S T R I C T I O N  
AREA AREA 
T a b l e  A 2 . 1 2  F o r m a n t  frequencies r e s u l t i n g  f r o m  t h e  a d u l t  
s i m u l a t i o n s  of /i/. 
MALE FEMALE FEMALE 
EQUAL C O N S T R I C T I O N  8 0 %  C O N S T R I C T I O N  
AREA AREA 
' Id  
G 
5 10 15 
Distance from glottis (cm) 
Figure A2.12 Distribution of volume velocity inside the vocal 
tract and area function for production of /i/ by adult male 
and adult female. 
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SI9GRAPHICAL NOTE 
U r s u l a  G i s z l a  G o l d s t o i n  was b o r n  o n  A p r i l  2 9 ,  1953  i n  
w e s t  Ss rmany .  Shz e m i g r a t e d  t o  t h e  U n i t z d  S t a t e s  i n  1952  3nd 
o b t a i n 2 3  U n i t e d  S t a t z s  c i t i z e n s h i p  i n  1 9 5 3 ,  B ? f o r ?  c o n i n g  t o  
M.I.T. ,  s h e  z i t t s n d e d  p u b l i c  s c h o o l  i n  Hanove r ,  N.J. 
M s .  G o l d s t s i n  r z e e i v e d  t h e  S.a. d e g r e e  i n  1 9 7 2 ,  t h s  S.X. 
3 5 g r e e  i n  1975  a n 3  t h e  E.Z. d a g r z e  i n  1 9 7 7 ,  a l l  f r o n  Y.I.T. i n  
t l e c t r i c a l  e n g i n l s r  i n g .  Htr 3 . M .  t h 5 3 i s  was ? n t i t l ? d  "4n 
I n v e s t i g a t i o n  o f  Vowel F o r m m t  T r a c k s  f o r  ? u r ? 9 s z s  c ~ f  S ? e a k ~ r  
I d e n t i f i c z i t i o n . "  9s a g r a d u a t z  s t u d e n t ,  s h e  was 3 t e a c h i n g  
. 
a s s i s t a n t  f o r  z a u r s z s  i n  s i g n 3 l s  and  s y s t e m s ,  and d i g i t a l  
s i g n a l  a r o s e s s i n c j .  Sh? h a s  a l s o  b a e n  a r e s z a r c h  a s s i s t a n t  i n  
trig So?zch  C a n m u n i c 3 t i o n =  Group o f  t h e  R a s 3 a r c h  L a b o r 3 t o r y  of  
E l e c t r o n i c s .  
